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Zusammenfassung 
Der Yangtze Vorland Falten- und Überschiebungsgürtel befindet sich östlich und südlich des 
Qinling-Dabie Orogens. Die Faltenachsen dieses Falten- und Überschiebungsgürtels biegen von W 
nach E von ca. ESE-WNW in eine SW-NE Richtung um. Regionale Faltung entwickelte sich ab der 
Mitteltrias während der Frühphase der Exhumierung der Ultrahochdruck(UHP)-Gesteine des 
Qinling-Dabie Orogens. Paläospannungsanalyse zeigt faltungsbezogene NW-SE-Kontraktion an, 
die zwischen Mitteltrias und Mitteljura in eine (N)NE-(S)SW Transpression rotiert. Aufgrund der 
im wesentlichen zeitgleichen und gleichsinnigen Änderung der duktilen Streckungslineation im 
Orogen wird vorgeschlagen, dass die Exhumierung der UHP-Gesteine die triassisch-jurassische 
Vorlanddeformation maßgeblich bestimmt hat. 
Die Untersuchung der Sedimente im Gelände und mit dem Punktzählverfahren an 
Dünnschliffen, die Mikrosondenuntersuchungen an detritischen Hellglimmern sowie die Datierung 
detritischer Hellglimmer, Kalifeldspäte, Apatite und Zirkone mit der 40Ar/39Ar-
Laserdatierungsmethode, der Spaltspurenmethode und der 207Pb/206Pb-Evaporationsmethode lieferte 
die folgenden Resultate: (1) Das Punktzählverfahren ergab, dass es sich bei den beprobten 
Sandsteinen überwiegend um Quarzarenite und Grauwacken handelt. (2) Die Provenanz-Analyse 
nach dem Punktzählverfahren ergab, dass überwiegend Wiederaufarbeitung orogenen Materials 
stattgefunden hat. (3) Triassisch-jurassische Hellglimmer dominieren in den meisten Proben und 
belegen das Dabie-Orogen als Hauptliefergebiet. (4) Einige Zirkon- und Hellglimmeralter deuten 
andererseits daraufhin, dass Liefergebiete südlich des Vorlandes (Cathaysia, Südchinesischer 
Faltengürtel) existiert haben. (5) Hellglimmeralter und Apatit-Spaltspurenalter belegen, dass die 
Sedimente in der frühen Kreide (120-130 Ma) bis ins stratigraphische Niveau der Mitteltrias auf 
über 400°C aufgeheizt wurden; das jurassische stratigraphische Niveau ist hingegen weniger stark 
aufgeheizt worden und verblieb zwischen 100° C und 400° C. Deshalb führt die 
Spaltspurendatierung von Apatiten, Zirkonen und Titaniten zu keinem Informationsgewinn 
hinsichtlich ihrer Provenanz. (6) Hohe Si-Gehalte (3,3-3,64 Si Atome pro Formeleinheit) und 
retrograde Zonierungen in den Hellglimmern belegen, dass HP- und UHP-Gesteine im Jura an der 
Oberfläche aufgeschlossen waren und erodiert wurden. 
Die 207Pb/206Pb Datierung von Einzelzirkonen des Yangtze Basements ergab drei Altersgruppen: 
2.3-2.38 Ga, 2.03-1.96 Ga und 800-690 Ma. Während die zwei jüngeren Altersgruppen bekannten 
Ereignissen im Yangtze Kraton zuordbar sind, sind die ältesten Zirkone entweder diskordant-
verjüngt oder belegen ein bis dato noch nicht bekanntes thermisch-tektonisches Ereignis im 
Yangtze Kraton. 
Ab dem oberen Jura lassen sich mehrere intraplattentektonische Reaktivierungen des Orogens 
und des Vorlandes nachweisen: In der frühen Kreide – und möglicherweise bereits im Oberjura – 
etablierte sich im Qinling-Dabie Orogen und im Vorland ein NW-SE orientiertes transtensionales 
Spannungsfeld. In diesem Spannungsfeld intrudierten kretazische Granitoide sowohl nördlich als 
auch südlich der triassischen Sutur ins Qinling-Dabie Basement und in die Vorlandsedimente. Diese 
magmatisch-vulkanische Aktivität ist deshalb wahrscheinlich nicht exhumierungsbezogen, sondern 
auf eine intraplattentektonische Reaktivierung des Orogens zurückzuführen. Diese thermisch-
tektonische Reaktivierung, die das Dabie Basement auf über 300° C aufheizte, führte auch zur 
advektiven Aufheizung der triassisch-jurassischen Vorlandsedimente. Dieses Spannungsfeld war 
von ca. 145 Ma bis ca. 127 Ma aktiv. 
Die NW-SE Transtension wurde abgelöst durch NE-SW Transtension, die begleitet war von 
NW-SE Kontraktion, die zu offener Faltung der jurassischen Sedimente und Vulkanite führte. Im 
Qinling-Dabie Orogen hingegen lassen sich ausschließlich WNW streichende dextral-transtensive 
Blattverschiebungen mit assoziierten Pull-apart-Becken beobachten. Dieses Spannungsfeld war ab 
ca. 127 Ma aktiv und wird auf die Kollision des `West-Philippinen-Blocks´ in SE China 
zurückgeführt. Die meisten NNE streichenden Störungen in SE China waren zu dieser Zeit als 
sinistrale Blattverschiebungen aktiv. 
Das südlichste Segment der Tan-Lu Störung war erst nach der mittelkretazischen 
Wiederaufheizung des Dabie Basements seit ca. 90 Ma als Schrägabschiebung aktiv. 
Wahrscheinlich war aber das nördlich anschließende Segment in der frühen Kreide (ca. 140-120 
Ma) kinematisch gekoppelt mit der Xiaotian-Mozitang-Störung am Nordrand des Dabie Orogens.  
Die Konturierung der Apatit-Spaltspurenalter aus dem Dabie und dem Vorland zeigt einen 
charakteristischen Wechsel des Abkühlungstrends um 75 ± 5 Ma an, der mit einem Wechsel  im 
Spannungsfeld korrelierbar ist: Die NE-SW Transtension wurde um ca. 75 Ma abgelöst durch NW-
SE Transtension mit assoziierter NE-SW Kontraktion. Dieses Spannungsfeld war bis ins Eozän 
aktiv und korreliert mit der Ablagerung mächtiger Rotsedimente und der Bildung von Riftbecken in 
Ostchina. Tektonische Reaktivierung des Dabie Orogens aufgrund der Indien-Asien Kollision wird 
insbesondere aufgrund der zeitlichen Übereinstimmung mit den eozänen (55-40 Ma) Apatit-
Spaltspurenaltern vorgeschlagen. Oligozäne Riftinversion wurde abgelöst durch miozäne NE-SW 
Extension und pliozäne bis rezente NW-SE Extension. 
Abstract 
The Yangtze foreland fold-and-thrust belt stretches E and S of the Qinling-Dabie orogen. The 
fold axes trend ESE in the southern foreland and NE in the eastern foreland. Regional folding took 
place during the Middle Triassic which is coeval with the early exhumation of the ultrahigh-
pressure (UHP) rocks of the Qinling-Dabie orogen. Paleostress analysis demonstrates fold-related 
NW-SE contraction which changed (during clockwise rotation of σ1) into (N)NE-(S)SW 
transpression from Middle Triassic until Middle Jurassic. Since the stretching lineation in the 
orogen changes also from a NW to a NE trend it is suggested that the exhumation of the UHP-rocks 
triggered the deformation of the foreland. 
The investigation of synorogenic sediments in the foreland and by point-counting on thin 
sections, electron microprobing of detrital white micas, and dating of detrital white micas, 
potassium-feldspars, apatites and zircons with the 40Ar/39Ar-laser dating method, the fission-track 
method, and the 207Pb/206Pb evaporation method revealed the following results: (1) Point-counting 
demonstrated that most sampled sandstones are indeed quartz arenites and graywacke. (2) 
Provenance analysis based on the point-counting results has shown that mostly orogenic recycling 
took place. (3) Triassic-Jurassic white micas are dominant in most samples and clearly point to the 
Dabie orogen as the major source area. (4) Zircon and white mica ages indicate that other source 
areas to the south of the foreland (Cathaysia, South China Foldbelt) existed. (5) The sediments were 
heated up during the Early Cretaceous (120-130 Ma) to more than 400° C in the Middle Triassic 
stratigraphic level and to more than 100° C in the Jurassic stratigraphic level. Thus, fission-track 
dating of apatite, zircon and sphene provides no information on provenance of detrital grains. (6) 
High Si-contents (3.3-3.64 Si atoms per formula unit) and the occurrence of zoned white micas 
indicate the exposure of high- and ultrahigh-pressure rocks during the Middle Jurassic. 
207Pb/206Pb dating of single zircons from Yangtze basement yielded three age groups: 2.3-2.38 
Ga, 1.96-2.03 Ga, and 800-690 Ma. Whereas the two younger ones can be attribute to known ages 
the oldest zircons are discordant and rejuvenated or they recorded a previously unrecognized 
thermotectonic event in the Yangtze craton. 
During the Early Cretaceous – and possibly already during the Late Jurassic – NW-SE 
transtension was established in the Qinling-Dabie orogen and the foreland. Within this stress field 
granitoids intruded N and S of the Triassic suture into the Qinling-Dabie basement and the foreland 
sediments. Late Jurassic-Early Cretaceous volcanic and magmatic activity is thus probably not 
related to exhumation and is suggested to result from intracontinental reactivation of the Qinling-
Dabie belt. 
NW-SE transtension was replaced by NE-SW transtension which was accompanied by NW-SE 
contraction. This subhorizontal contractional component caused folding of the Jurassic sediments 
and volcanics. In the Qinling-Dabie orogen WNW striking dextral-transtensive strike-slip faults 
with associated pull-apart basins were present. This stress field was active from ~127 Ma and is 
related to the collision of the West Philippine Block in SE China. NE-SW transtension imposed 
sinistral slip on NNE-striking faults in SE China. 
The southernmost segment of the Tan-Lu fault was active as a transtensional fault since ~90 Ma. 
Most likely the northern segment was kinematically coupled with the Xiaotian-Mozitang fault 
during the Early Cretaceous (~140-120 Ma) along the northern margin of the Dabie orogen. 
Contouring of apatite fission-track ages from Dabie basement and the foreland indicates a 
characteristic change of the cooling trend at 75 ± 5 Ma which can be related to a change in the 
regional stress field: NE-SW transtension was replaced by NW-SE transtension with associated NE-
SW contraction. NW-SE transtension was active from ~75 Ma until Eocene. During this time thick 
red bed sediments were deposited and rift basin formation started in entire eastern China. Eocene 
(55-40 Ma) apatite fission-track ages from the Dabie basement may indicate an impact of the India-
Asia collision with a reactivation of the Dabie orogen. Oligocene rift inversion was followed by 
Miocene NE-SW extension and Pliocene to Present NW-SE extension. 
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1 Einleitung 
Die vorliegende Arbeit ist Teil des ICDP/KTB-SPP1 der Deutschen Forschungsgemeinschaft und 
wurde drei Jahre finanziell unterstützt. Sie stellt eine Zusammenfassung der wichtigsten Daten, 
Interpretationen und Schlussfolgerungen zur thermisch-tektonischen Entwicklung des Yangtze 
Vorland Falten- und Überschiebungsgürtels und seinen Bezug zum Qinling-Dabie Orogen. Dieses 
Orogen schließt das weltgrößte Vorkommen von Ultrahochdruck(UHP)-Gesteinen auf (z.B. Hacker 
et al., 1998), d.h. krustalen und suprakrustalen Gesteinen, die nachweislich mehr als 2,8 GPa 
erfuhren, was dem Coesit-Stabilitätsfeld entspricht. Dieses Orogen bietet die Möglichkeit, die zur 
Zeit noch wenig verstandenen Prozesse zu studieren, die Gesteine aus Tiefen von mehr als 80 km 
wieder an die Erdoberfläche transportierten. Diese Arbeit konzentrierte sich auf das orogene 
Vorland und steht in Zusammenhang mit den strukturgeologisch-geochronologischen Arbeiten von 
Lothar Ratschbacher und Brad Hacker im Orogen selbst (siehe Ratschbacher et al., 2000; Hacker et 
al., 1998; 2000) und hatte das Ziel, zum Verständnis der Exhumierung der UHP-Gesteine sowie zur 
regionalgeologisch-tektonischen Entwicklung Ostchinas beizutragen. Die Kapitel 2.1, 2.2, 3 und 4 
bilden das Kernstück der Arbeit und wurden zur Veröffentlichung in den Zeitschriften Terra Nova, 
Tectonophysics und Chemical Geology eingereicht (Kapitel 2.2, 3 und 4) bzw. bereits veröffentlicht 
(Kapitel 2.1; Schmid et al. 1999). Daher sind diese vier Kapitel in englisch verfasst. 
Drei wesentliche Fragenkomplexe wurden mit strukturgeologischen und geochronologischen 
Methoden bearbeitet: (1) Wie zeigt sich die Exhumierung der UHP-Gesteine in der 
Vorlanddeformation? (2) Wie war die Entwicklung der syn- und postorogenen Kinematik. (3) 
Wann waren die UHP-Gesteine an der Erdoberfläche aufgeschlossen? 
 
1.1 Geographischer Überblick 
Der untersuchte Yangtze Vorland Falten- und Überschiebungsgürtel erstreckt sich südlich und 
östlich des Dabie Shan (Abb. 1.2.1). Es handelt sich morphologisch um eine flache, ca. 50 m ü. NN 
gelegene Ebene quartärer Sedimente mit reliktischen Hügelketten des Yangtze Vorland Falten- und 
Überschiebungsgürtels. Der Hauptvorfluter des Gebietes ist der Yangtze-Fluss (Abb. 1.2.1). Im 
östlichen Vorland treten westlich des Yangtze-Flusses Hügelketten auf, die bis zu 450 m Höhe ü. 
NN erreichen. Der morphologische Übergang vom Vorland zum Dabie Shan ist im S sanft, im E – 
entlang der Tan-Lu-Störung – hingegen abrupt. Der Reliefunterschied beträgt auf kurzer Distanz 
über 1000 m. Der höchste Berg im Dabie Shan erreicht eine Höhe von 1852 m ü. NN. Insgesamt 
steigt der Dabie morphologisch sanft von S nach N an und fällt im N gegen die Ebene des 
känozoischen Hehuai-Beckens ab. 
                                                          
1 ICDP/KTB-SPP: International Continental Drilling Program
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Klimatisch gehört das Gebiet zur warmgemäßigten Subtropenzone. Vorland und Dabie werden 
vom Sommermonsun stark beeinflusst. In den Monaten Juni bis August bewirken starke Regenfälle 
und eine starke Wasserführung des Yangtze Flusses regelmäßige Überschwemmungen der Ebenen. 
Die Ebenen des Vorlands werden vor allem durch Reisanbau, Tierhaltung und Teichwirtschaft 
landwirtschaftlich intensiv genutzt. Das Vorland ist im Gegensatz zum Dabie Shan dicht besiedelt 
und verkehrstechnisch relativ gut erschlossen. 
Die Aufschlussverhältnisse im Vorland sind trotz der tiefgründigen Verwitterung, des geringen 
Reliefs, der intensiven Nutzung und der Vegetation punktuell sehr gut: Kalk- und Sandsteine 
werden hier hauptsächlich in großen Steinbrüchen abgebaut. Diese zahlreichen Steinbrüche 
ermöglichen eine gute Beprobung, dreidimensionale Aufschlüsse und das Aufnehmen zahlreicher 
strukturgeologischer Daten. 
 
1.2 Geologischer Überblick 
1.2.1 Kratone 
1.2.1.1 Nordchina-Block 
Der Nordchina-Block (NCB) wird unterteilt in eine Westliche, Mittlere und Östliche Zone (Abb. 
1.2.1). Die Westliche und Östliche Zone sind archaische Kratone, die im späten Frühproterozoikum 
(~1,8 Ga) kollidiert sind. Die Mittlere Zone wird als mobiler Gürtel interpretiert, der aus der 
Kollision hervorging (Zhao et al., 2000). U-Pb-Zirkonalter zeigen Maxima bei 3,8, 3,3, 3,0, 2,5 und 
1,8-1,7 Ga (Abb. 1.2.1; Zhao et al., 2000). Nach dieser Kollision lagerten sich proterozoische 
Sedimentserien ab, die viele ihrer primären sedimentären Eigenschaften erhalten haben, da sie nur 
schwach metamorph überprägt wurden (Yang et al., 1986). Der Südrand des NCB war im 
Paläozoikum ein aktiver Kontinentalrand mit Zirkonaltern um 490-470 Ma und 410-390 Ma (z.B. 
Lerch et al., 1996; Ratschbacher et al., submitted). 
 
1.2.1.2 Südchina-Block 
Der Südchina-Block (SCB) wird unterteilt in den Yangtze und den Cathaysia Kraton (Abb. 
1.2.1). Die ältesten Gesteine sind im NW (Kongling bzw. Huangling Basementdom) des Yangtze 
Kratons aufgeschlossen: Es handelt sich um trondhjemitische Gneise mit ca. 2,95 Ga alten 
Zirkonen. 3,2-2,9 Ga alte detritische Zirkone belegen noch älteres, aber vermutlich weitestgehend 
erodiertes Basement (Ames et al., 1996; Qiu et al., 2000). Archaisches bis frühproterozoisches 
Basement wird im SW des Yangtze Kratons (Kangdian Komplex) vermutet (Qiu et al., 2000). Nicht 
sehr gut belegte diskordante U-Pb Zirkonalter von ca. 2,5 Ga (oberer Schnittpunkt der Diskordia) 
treten sowohl im Yangtze als auch im Cathaysia Kraton auf (Tu et al., 2001; Li et al., 1989). 
1 Einleitung   3
Vom Nordrand des Yangtze Kratons sind U-Pb Zirkonalter mit 2,1-1,9 Ga dokumentiert. Diese 
Zirkonalter wurden mit unterschiedlichen Datierungsmethoden vom Kongling Dom (Qiu et al., 
2000), Dabie (Rowley et al., 1997; ABGMR, 1987) und aus Zentralkorea (Turek and Kim, 1996)  
nachgewiesen. 
1,75-1,8 Ga altes Cathaysia Basement (Li, 1997) wurde um ca. 1430 Ma von Granodioriten 
intrudiert (Li et al., 2002). Dies wird auf beginnende Konvergenz zwischen dem Yangtze und dem 
Cathaysia Kraton mit der Bildung eines magmatischen Gürtels entlang eines aktiven 
Kontinentalrandes auf dem Cathaysia Kraton zurückgeführt (Li et al., 2002). Die komplexe und 
langandauernde Kollision beider Kratone erfolgte von ca. 1,3 bis ca. 1 Ga während der Jinning bzw. 
Sibao Orogenese als Teil der weltweiten Grenville Orogenese (Li et al., 2002; Charvet et al., 1996). 
Kurz nach Bildung des SCB setzte ab ca. 830 Ma weitverbreitet Riftbildung im gesamten SCB 
ein, wobei bevorzugt ehemalige Suturzonen (Nordrand des Yangtze Kratons, Yangtze-Cathaysia 
Suturzone (Nanhua Rift), Kangdian Rift) reaktiviert wurden (Li et al., 1999). Während das Nanhua 
Rift später invertiert wurde, entwickelte sich am Nordrand des Yangtze Kratons ein passiver 
Kontinentalrand. Dies ist durch zahlreiche spätproterozoische mafische Gänge und bimodalen 
Vulkaniten mit Zirkonaltern von 650-800 Ma belegt, die sich vom Qinling, über Dabie und Sulu bis 
nach Zentralkorea nachweisen lassen (Gao et al., 1990; Ames et al., 1996; Rowley et al., 1997; Lee 
et al., 1998). 
Im späten Ordovizium und frühen Silur entwickelte sich durch Invertierung des Nanhua Rifts der 
`kaledonische´ Südchinesische Faltengürtel (z. B. Li, 1998), der von silurischen S-Typ Granitoiden 
intrudiert wurde (Li, 1994; Gilder et al., 1996; Chen and Jahn, 1998). 
Im obersten Perm setzte die ungefähr NW gerichtete Subduktion des SCB und die Kollision mit 
dem NCB ein. Während Trias-Jura rotierte der SCB ca. 60° im Uhrzeigersinn relativ zum NCB 
(z.B. Zhao and Coe, 1985; Enkin et al., 1992). 
 
1.2.2 Qinling-Dabie-Sulu Orogen 
Das Dabie Orogen ist Teil des Qinling-Dabie-Sulu Orogens, das sich über 2000 km in E-W 
Richtung durch Zentralchina erstreckt (Abb. 1.2.1) und sich bis nach Zentralkorea verfolgen lässt 
(z.B. Chough et al., 2000). Es bildet die Suturzone zwischen dem NCB und dem SCB. Der NCB-
SCB Kollision ging die Subduktion der Paläotethys voraus. Während der paläozoischen Subduktion 
bildete sich im frühen Ordovizium (470-490 Ma) ein intraozeanischer Inselbogen sowie ein 
spätsilurischer magmatischer Bogen am Südrand des NCB aus. Im Silur-Devon (410-390 Ma) 
kollidierte der Inselbogen zusammen mit einem Krustenfragment mit dem NCB. Devonische 
Granitoide intrudierten in beide Einheiten und dokumentieren den Abschluß der Inselbogenkollision 
(Ratschbacher et al., submitted). Ein spätpaläozoischer magmatischer Bogen existierte 
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wahrscheinlich, ist aber nicht sehr gut belegt, währenddessen ein spätpaläozoischer Akkretionskeil 
im Qinling Orogen reliktisch erhalten ist (Ratschbacher et al., submitted). 
 
1.2.2.1 Dabie Shan 
Der östliche Abschnitt des Orogens (Abb. 1.2.1) bildet das weltweit größte bekannte UHP-
Orogen, d.h. es sind krustale und suprakrustale Gesteine nachweisbar, die Drücke >2.8 GPa 
während der Subduktion kontinentaler Kruste erfuhren (Hacker et al., 2000; Schmid et al., 2000). 
Dieses UHP-Orogen wird an der Tan-Lu Störung scheinbar sinistral versetzt (Fig. 1.2.1). Ein 
Zusammenhang zwischen der `Tan-Lu´ und NCB-SCB-Kollision wurde zwar postuliert (z.B. Yin 






















































































































































































Abb. 1.2.1: Geologische Übersichtskarte des Qinling-Dabie-Sulu Orogens mit der Verbreitung der Hoch- 
und Ultrahochdruckgesteine (verändert nach Hacker et al., 2000; Ratschbacher et al., submitted; Grimmer 
et al., submittedb). 
 
 
Der Dabie Shan wird von känozoischen Störungen und Sedimenten allseitig begrenzt. Man 
unterscheidet drei tektonische Blöcke, die durch NNE-streichende Störungen gegeneinander 
abgegrenzt sind: Tongbai, Hong´an und Dabie (Abb. 1.2.1). UHP-Gesteine sind vom Hong´an und 
Dabie Block beschrieben (z. B. Hacker et al., 1996). Von S nach N zeigt sich hier eine prograde 
metamorphe Abfolge von grün- und blauschieferfaziellen Hochdruck(HP)-Gesteinen bis zu 
eklogitfaziellen UHP-Gesteinen mit Coesit-Einschlüssen in Granat und Omphacit (z.B. Okay et al., 
1993; Schmid et al., 2000). Die Eklogite treten als Linsen und Boudins in den umgebenden Para- 
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und Orthogneisen auf. Die ganze Abfolge ist retrograd (grünschiefer- bis amphibolitfaziell) 
überprägt (z.B. Hacker et al., 1996). Die meisten Belege für UHP-Metamorphose finden sich in den 
eklogitischen Metabasiten. Aber auch in den umgebenden Gneisen gibt es Coesit-Pseudomorphosen 
sowie Coesit-Einschlüsse in Zirkonen (Tabata et al., 1998), die belegen, dass die Gneise ebenfalls 
einer UHP-Metamorphose ausgesetzt waren. Petrologische Untersuchungen und Druck-Temperatur 
Bestimmungen an Eklogit-Marmor-Gesteinsassoziationen lieferten max. 750° C bei 4-4,8 GPa 
(Schmid et al., 2000). Zum Teil erhebliche Druckunterschiede zwischen den HP-/UHP-Einheiten 
weisen auf extensionale Scherzonen innerhalb der HP- und UHP-Gesteine hin (Carswell et al., 
1997; Hacker et al., 2000). Im Hong´an werden die UHP-Gesteine nach N vom Huwan Detachment 
begrenzt. Im Dabie werden die UHP-Gesteine dagegen durch einen frühkretazischen magmatisch-
metamorphen Dom begrenzt (Northern Orthogneiss Unit (NOU); Ratschbacher et al., 2000). Die 
NOU wird nach N von der kretazischen Xiaotian-Mozitang-Störung (XMF) gegen grünschiefer- bis 
amphibolitfazielle Einheiten des Yangtze Kratons begrenzt. Diese Einheiten wurden während der 
Trias auf 400-500° C aufgeheizt (Hacker et al., 1998; 2000). 
Die HP-/UHP-Gesteine exhumierten, primär auftriebsgesteuert, während Trias-Jura initial nach 
SE und später nach SW (Hacker et al., 2000). Die ältesten triassischen Sm/Nd-Alter von 
Metabasiten und SHRIMP U-Pb Zirkonalter stimmen statistisch überein und weisen auf einen 
Metamorphosehöhepunkt um ca. 245 Ma hin (Okay et al., 1993; Hacker et al., 2000). Jüngere 
triassische Zirkonanwachssäume mit SHRIMP-Altern von 240-205 Ma dokumentieren 
wahrscheinlich Abkühlung nach dem Metamorphosehöhepunkt (Hacker et al., 1998; 2000). 
Exhumierungsbezogene Abkühlung des Orogens unter 200° C war um ca. 170 Ma erreicht (Hacker 
et al., 2000). 
In der frühen Kreide kam es zu regionaler advektiver Aufheizung des gesamten Dabie auf über 
300° C. Gleichzeitig wurde die NOU im Liegenden der XMF exhumiert. Die XMF war die 
dominierende frühkretazische Struktur, die Exhumierung und Abkühlung der NOU steuerte 
(Ratschbacher et al., 2000). Die kretazische XMF reaktivierte und überprägte die triassische 
Abscherungszone im Dabie vermutlich vollständig (Ratschbacher et al., 2000; Hacker et al., 2000). 
Die HP-/UHP-Gesteine wurden in 10-25 km Tiefe von frühkretazischen Granitoiden intrudiert 
(Ratschbacher et al., 2000). Um 110-90 Ma wurde das Dabie-Basement auf über 200° C erneut 
aufgeheizt und nachfolgend abgekühlt (Ratschbacher et al., 2000). 
Im Gegensatz zu den meisten bisherigen Arbeiten, die sich mit Fragen der Exhumierung 
beschäftigt und dabei auf das Orogen selbst konzentriert haben, konzentriert sich die vorliegende 
Arbeit auf das orogene Vorland - dem Yangtze Vorland Falten- und Überschiebungsgürtel (YFTB), 
um die oben beschriebenen Fragestellungen zu lösen. 
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2 Kinematik und Tektonik - strukturelle und geochronologische Daten 
 
2.1 Triassisch-kretazische Deformation 
Kapitel 2.1 ist: „How did the foreland react? Yangtze foreland fold-and-thrust belt deformation related to 
exhumation of the Dabie Shan ultrahigh-pressure continental crust” by J.C. Schmid, L. Ratschbacher, B.R. Hacker, I. 
Gaitzsch and S. Dong (Schmid et al., 1999). 
 
Abstract 
During the Triassic collision of the Yangtze and Sino-Korean cratons, the leading edge of the 
Yangtze crust subducted to mantle depths and subsequently exhumed as a penetratively deformed, 
coherent slab capped by a normal shear zone. This geometry requires a reverse shear zone at the 
base of the slab, and we suggest that the Yangtze foreland fold-and-thrust belt constitutes this zone. 
Lower Triassic rocks of the eastern foreland record NW-SE contraction as the oldest compressional 
stress field; onset of related deformation is indcated by Middle Triassic clastic sedimentation. 
Subsequent Jurassic stress fields show a clockwise change of contraction directions. Based on about 
coeval onset and termination of deformation and on a common clockwise change in the principal 
strain/stress directions, we propose that the foreland deformation was controlled by the extrusion of 
the ultrahigh-pressure slab. Widespread Cretaceous-Cenozoic reactivation occurred under regional 
extension to transtension, which characteristically show a large-scale clockwise change of the 
principal extension directions during the Lower Cretaceous. 
 
2.1.1 Introduction 
The Hong’an-Dabie-Sulu area in eastern China (Fig. 2.1.1) is the world’s largest outcrop of 
continental crust affected by ultrahigh-pressure (UHP) metamorphism (e.g. Liou et al., 1996; 
Hacker et al., 1996; Ames et al., 1996). It forms the eastern part of the Qinling orogen and resulted 
from attempted Triassic subduction of the Yangtze craton beneath the Sino-Korean craton. Recent 
structural, petrologic, and geochronologic data (e.g. Rowley et al., 1996, 1997; Hacker et al., 1998, 
2000) suggest an extrusion model for exhumation which has a reverse shear zone along the base and 
a normal shear zone along the top of the exhuming slab (model of Chemenda et al., 1995). The 
normal shear zone was identified as comprising the crystalline core of Hong’an-Dabie capped by 
the Huwan detachment zone in Hong’an (Webb et al., 1999; Hacker et al., 2000); it was reactivated 
in northern Dabie as the Xiaotian-Mozitang shear/fault zone in the Cretaceous (Fig. 2.1.1; 
Ratschbacher et al., 2000). 
The contractional deformation zone along the base of the exhuming slab has so far not been 
discussed in detail. Here we suggest that it is constituted by the Yangtze foreland fold-and-thrust-
belt (YFTB). If so, the Triassic-Jurassic deformation of the YFTB provides a record of the 
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exhumation kinematics of the slab, independent of the buoyancy-controlled deformation in the 
orogenic interior. Analysis of the Triassic-Jurassic history is complicated by the ubiquitous 
Cretaceous-Cenozoic post-collisional deformation, which dominates the structural architecture of 
both the crystalline core and the foreland of Dabie. Our goal to highlight the exhumation kinematics 
thus also addresses postcollisional reactivation. 
The Qinling-Dabie orogen was apparently offset from the Sulu belt by the Tan-Lu fault zone 
(Fig. 2.1.1), which currently is a dextral transtensional fault (Zhang et al., 1995; Ratschbacher et al., 
2000). In nearly all models for the Qinling-Dabie-Sulu belt the Tan-Lu fault plays a key role. Yin 
and Nie (1993), for example, proposed that it was a sinistral transfer zone during early Triassic 
indentation of a Yangtze promontory into the Sino-Korean craton. So far only evidence for 
Cretaceous-Cenozoic activity is abundant (Ratschbacher et al., 2000). As observation of the Tan Lu 
is hampered by the Cenozoic cover, regional stress-field estimates in the YFTB to the east of the 










































Figure 2.1.1: Sketch map of the Qinling-Dabie-Sulu orogen (shaded), the Yangtze foreland fold-and-thrust 
belt (YFTB) and the main tectonic features. The Cretaceous Xiaotian-Mozitang fault zone is interpreted 




We subdivided the YFTB into a western, southern, and eastern segment, in which fold axes trend 
ESE, E, and NE, respectively (Fig. 2.1.1); here we focus on the eastern segment. This segment 
comprises folded and faulted Sinian to Lower Triassic passive margin sedimentary rocks, deposited 
on crystalline basement of the Yangtze craton. Carbonates were deposited from the Lower 
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Carboniferous to the Lower Triassic, but from the Middle Triassic onward, terrigenous lacustrine 
and fluviatile sedimentary rocks occurred. Alkaline volcanic rocks were extruded in the Late 
Jurassic. During the Early Cretaceous mostly diorites to syenites intruded the YFTB, while coeval 
red bed sedimentation lasted until the Eocene-Oligocene (e.g. Zheng, 1985). 
 
2.1.2 Structural analysis 
Our results are based on the interpretation of 1:200.000 and 1:500.000 geological maps of the 
Anhui Province and on field observations, in particular of outcrop-scale structural geometries, and 
mesoscale fault-slip data. The latter were collected in outcrops of known Lower Triassic to Upper 
Cretaceous stratigraphic age. Slip sense was constrained by calcite, quartz, and kaolinite fibers, 
stylolites, and Riedel shears on polished fault surfaces. The generally heterogeneous fault-striae 
data sets were divided into homogeneous subsets of different age based on cross-cutting 
relationships among faults and fiber growth and on the presence of curving fibers. The computer-
program package of Sperner et al. (1993) was employed to calculate principal stress axes from the 
data of these subsets. These axes are interpreted to represent stress fields during different regional 
deformation events (e.g. Angelier, 1984). Due to the Cenozoic and Cretaceous overprint the pre-
Cretaceous fields are less well constrained as the Cretaceous ones. In order to restore pre-folding 
stress fields, rotations were carried out on some data sets; i.e., those sets that lack 
subvertical/subhorizontal stress axes after calculation were rotated to restore bedding to horizontal. 
If the rotation led to a subvertical (75-90°) stress axis, this subset was interpreted as a pre-folding 
event (see also Appendix 1). Kinematic data are displayed in Figures 2.1.1, 2.1.2 and Tables 2.1.1 
and 2.1.2. 
 
2.1.2.1 Triassic-Jurassic deformation 
Folds (Fig. 2.1.2, fold-axes diagram) and NW-striking faults that often show apparent sinistral 
and dextral displacements on the order of hundreds of meters are abundant on map-scale and occur 
in Paleozoic to Lower Triassic rocks. Some of these faults are interpreted from sedimentary 
thickness variations as synsedimentary normal faults in T13-limestone (T13: upper Lower Triassic), 
indicating that normal faulting started before folding (see below). The inferred prefolding NE-SW 
extension is corroborated by en-echelon tension gashes and conjugate shear zones (Fig. 2.1.2, J15-
tg, J18). 
Several stations record layer-parallel shortening by faulting and folding predating the main, 
regional folding event (Fig. 2.1.2, e.g. D572, D573-a, J45, J18-a). This prefolding thrusting 
probably led to the emplacement of the thrust sheets in the Chaohu area, which are preserved in 
synclinal depressions as possible klippen of Sinian stromatolitic dolomite on top of T13-limestone. 
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The small-scale box folds at station J45 are not higher-order folds of a regional fold; their axial 
planes are subhorizontal within regional folds with subvertical axial planes. Rotation to horizontal 
bedding suggests a prefolding origin (Fig. 2.1.2). 
 






























































































  Triassic-Jurassic deformation: Yangtze foreland fold-and-thrust belt
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Figure 2.1.2: Triassic-Jurassic deformation of the Yangtze foreland fold-and-thrust belt east of the Dabie 
Shan. Structural data are plotted in lower-hemisphere, equal-area projections. FA: fold axis, sz: shear 
zone, tg: tension gash. Great circles represent faults and solid, open, half, and headless arrows represent 
striae of certain, reliable, inferred, and unknown slip sense. This confidence scale was introduced to allow 
an assessment of the quality of the data base. The clockwise change in the principal contraction direction 
is recorded, for example, in stations J18, D573, D572, and J5459. Older, younger, and youngest ‘fibers’ 
highlight relative age of striae on the same fault. Overprinting, small-scale folds in the whole area fold-
axes plot are those with NW-SE orientation. The full arrows outside the stereograms relate to principal 
stress directions (σ1≥σ2≥σ3) calculated from fault-slip data, white arrows to contraction directions derived 
from fold orientations. Thick black lines at some stereograms highlight shortening-direction variability 
derived from the fold-axis orientation scatter. Rotated data are indicated with “rot” in the station numbers 
and rotation axes (trend, plunge) and angles (°) are given below the stereograms. Average bedding pole 
orientations are given as circles in the stereograms. 
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Outcrop-scale grabens, striking perpendicular to the regional fold axes, show curving calcite 
fibers on their faults reflecting rotation of beds during faulting. We interpret these grabens as 
documenting fold-axis parallel extension (Fig. 2.1.2, e.g. J15-ab). Middle Triassic sedimentary 
breccia and conglomerate, composed of material from the sedimentary cover of the Yangtze craton 
and deposited unconformably on T13-limestone, date the main folding phase. A comparison of 
prefolding with postfolding contraction directions indicates a clockwise change from WNW to NW. 
Postfolding NW-SE contraction, with an average σ1 of 324 ± 13° in T13-limestone (σ1≥σ2≥σ3, 
principal stress directions; 6 stations), is documented both in T13-limestone and J1-sandstone (J1: 
Lower Jurassic); in the latter the bedding-parallel slip (postfolding but pre-tilting, see later) 
direction was 331° (Fig. 2.1.2, J5459). These Jurassic sand- and siltstones, with abundant detrital 
white mica, most likely have their source in metamorphic basement rocks of the exhuming orogen. 
Subsequently, the contraction direction rotated clockwise (from NW-SE to NNE-SSW) which is 
recorded in both Triassic (J20a, D573-b) and Jurassic (J5459-b) rocks. The NNE-SSW contraction 
caused widespread N to NE tilting of Jurassic rocks and overprinting small-scale folds. This 
postfolding (related to the main folding phase) rotation of σ1 is, for example, well recorded in the 
curving fibers at J18-b (Fig. 2.1.2). 
 
 
Table 2.1.1: Location of stations and parameters of the deviatoric stress tensor: Triassic-Jurassic stress 
directions. 
 
station lithology latitude (N) longitude (E)        #     σ1     σ2     σ3   R    F 
         
D572-Ta limestone (T1) 30°45’20’’ 117°54’48’’  03/03 327 52  167 36   
D572-Taro limestone (T1)    03/03 148 19  291 67   
D572-Tb limestone (T1)    01/01 337 10  101 80   
D573a1rot limestone (T1) 30°49’31’’ 117°47’26’’  01/01 318 02  056 75   
D573-a limestone (T1)    05/05 144 02 054 02 278 87 0.5 17° 
D573-b limestone (T1)    07/07 187 16 009 74 278 00 0.6 18° 
D576-a limestone (T1) 31°30’18’’ 117°42’38’’  03/03 310 02  217 52   
J15-ab limestone (T1) 31°30’14’’ 117°51’52’’  19/21 137 76 337 14 246 05 0.5 11° 
J15-abrot limestone (T1)    19/21 130 85 328 05 238 02 0.5 07° 
J15-d limestone (T1)    07/07 311 15 045 16 181 68 0.5 09° 
J18-a limestone (T1) 31°32’08’’ 117°44’42’’  03/03 313 55  148 35   
J18-arot limestone (T1)    03/03 320 05  138 85   
J18-b limestone (T1)    08/08 332 10 067 28 224 60 0.5 10° 
J20-a limestone (T1) 31°26’45’’ 117°50’12’’  03/03 177 03  267 03   
J5459-a sandstone (J1) 30°49’46’’ 117°16’26’’  17/17 014 04 199 86 104 00 0.6 18° 
 
The numerical dynamic analysis method (Sperner et al., 1994) was used for calculation of principal stress 
directions (σ1≥σ2≥σ3). For stations with less than four fault-slip data we report visually estimated contraction 
and extension directions. In the measurement column (#) first number is number of measurements used for 
calculation, second number gives total number of measurements. For σ1-σ3, azimuth (first number) and plunge 
(second number) of the principal stress axes are given. The stress ratio R is (σ2-σ3)(σ1-σ3)-1 (where 1 is 
uniaxial confined extension, 0 is uniaxial confined compression). The fluctuation F gives the average angle 
between the measured slip and the orientation of the calculated theoretical shear stress. 
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Outcrop-scale folds (dm to m) show a wide range of fold-axis orientation (e.g. J20a, D573a1rot). 
We relate these deviations from the main NE-trend to the late-stage rotation of the contraction 
direction. Whereas the onset of the contraction is relatively well constrained to the Middle Triassic, 
its termination is less well known. We assume that it waned at the end of the Middle Jurassic, when 
clastic sedimentation ceased and volcanic rocks started to be extruded in the Upper Jurassic. 
 
Table 2.1.2: Location of stations and parameters of the deviatoric stress tensor: Cretaceous stress directions. 
 
Station Lithology latitude (N) longitude (E) # σ1 σ2 σ3 R F 
 
D200old Orthogneiss (K1) 31°47’41’’ 117°33’16’’ 20/21 092 13 315 72 184 12 0.5 17° 
D200you red beds (K1)   13/13 093 71 268 19 358 02 0.4 17° 
D201you orthogneiss (K1) 31°28’24’’ 117°22’41’’ 10/10 118 19 346 63 215 19 0.4 24° 
D201ys volcanics (K1)   12/13 149 12 347 77 240 04 0.6 21° 
D285you limestone (P) 30°15’40’’ 116°23’20’’ 26/27 249 04 348 69 157 20 0.3 19° 
D566-a volcanics (J3) 30°27’37’’ 116°44’05’’ 11/11 020 63 180 25 274 08 0.6 17° 
D566-b volcanics (J3)   13/13 065 15 226 74 333 05 0.7 22° 
D566-c volcanics (J3)   15/15 036 87 134 00 224 03 0.8 22° 
D570-ab cherty marble 30°37’21’’ 117°05’01’’ 13/15 250 39 053 50 153 08 0.5 22° 
D570-c cherty marble   07/07 277 18 124 70 010 09 0.7 23° 
D572Td limestone (T1) 30°45’20’’ 117°54’48’’ 07/07 295 77 011 13 201 01 0.5 19° 
D572KTa fanglomerate (K2)   18/18 013 06 280 28 114 61 0.5 15° 
D573-b limestone (T1) 30°49’31’’ 117°47’26’’ 03/03 104 65  322 20   
D573-c limestone (T1)   07/07 311 21 135 69 042 01 0.6 27° 
D576-c limestone (T1) 31°30’18’’ 117°42’38’’ 12/12 355 74 229 09 137 13 0.9 27° 
D576-d limestone (T1)   18/18 262 04 025 83 172 06 0.6 19° 
J37-a fanglomerate (J3) 30°55’29’’ 117°28’30’’ 04/04 248 20 091 68 341 08 0.5 09° 
J5459-b sandstone (J1) 30°49’46’’ 117°16’26’’ 09/09 235 13 042 76 144 03 0.5 19° 
J5459-c sandstone (J1)   04/04 007 68 237 14 143 16 0.5 11° 
J5459-d sandstone (J1)   09/09 277 15 041 65 181 20 0.4 18° 
J5459-e sandstone (J1)   14/14 325 03 078 82 234 08 0.5 12° 
J62-a Marble 30°39’10’’ 117°05’23’’ 03/03 099 80  285 10   
J62-b Marble   06/06 220 09 351 76 128 10 0.9 11° 
J69-c limestone (P-T1) 30°35’25’’ 117°00’32’’ 07/07 081 70 182 04 274 20 0.5 13° 
J76b cherty marble 30°37’33’’ 116°51’50’’ 04/04 309 48 098 38 201 15 0.5 08° 
J76brot cherty marble   04/04 302 83 106 07 196 02 0.5 09° 
J7879-a sandstone (J1-J2) 30°24’20’’ 116°36’28’’ 04/04 004 69 170 21 262 05 0.5 19° 
J7879-b sandstone (J1-J2)   19/19 062 17 270 71 155 09 0.4 20° 
J7879-c sandstone (J1-J2)   08/08 321 06 122 83 231 02 0.7 20° 
  
See Table 2.1.1 for explanation. 
 
2.1.2.2 Cretaceous deformation 
The intrusion of diorites to syenites into the sedimentary cover N and E of Anqing (Fig. 2.1.3) 
caused contact metamorphism and facilitated syn- to postintrusive ductile extensional deformation 
in cherty marble. Strong subhorizontal extension is reflected by a subhorizontal foliation and the 
formation of folds with fold-axis parallel stretching lineation (Fig. 2.1.3, J76a). The folds in these 
highly ductile rocks are interpreted to result from folding of initially steeply-dipping Triassic rocks 
by subvertical shortening and subhorizontal stretching (model of Froitzheim, 1992). Similar 
structures were reported from localities several hundred km further to the south (Faure et al., 1996;  
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Figure 2.1.3: Structural data (lower-hemisphere, equal-area projection) of Lower Cretaceous faulting (note 
the widespread change in stress direction orientations – from ESE-WNW to NE-SW), and the probably 
Upper Cretaceous-Paleocene NNE-SSW contraction. Several stations record Tan-Lu parallel sinistral 
transpressive faults (e.g. D573-d, J5459-e, D572Kta). Contoured diagrams D200a and D201c show U-
stage derived quartz c-axis textures (crystallographic preferred orientation), which are used to derive flow 
direction and in D200a additionally flow sense. For symbols, fault-slip data explanation, and legend see 
Figure 2.1.2. 
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1998). 40Ar/39Ar mica cooling ages of two granitoids in the southern YFTB (Ratschbacher et al., 
submitted) suggest that WNW-ESE extension started around 140 Ma. This stress field is also 
represented by NNE-striking mafic to intermediate dikes (e.g. J62-a, Fig. 2.1.3). 
Subsequent deformation occurred mainly on E-W striking, sinistral transtensive faults. These 
fault set is subparallel to the 140-120 Ma (Ratschbacher et al., 2000) Xiaotian-Mozitang shear/fault 
zone of northern Dabie. Curving fibers on a large number of these faults indicate a continuous, 
clockwise change in the extension direction (NW-SE to NE-SW; Fig. 2.1.3). Fault-slip data in early 
Late Cretaceous (K2) alluvial fan sediments (D572KTa) postdate the E-W and NW-SE oriented 
extensions and record NNE-SSW contraction. NE-SW sinistral transpression along WNW-trending 
map-scale faults was post-Eocene and was probably related to the India-Asia collision (Peltzer et 
al., 1985; Zhang et al., 1995). Thus the NNE-SSW contraction probably was Upper 
Cretaceous/Paleocene or  younger; in this stress field, the Tan-Lu fault could have been active as a 
sinistral strike-slip fault. 
We studied the Cretaceous near-field deformation of the Tan-Lu fault at two localities (Fig. 
2.1.3). Quartz-ribbon mylonite (D200) formed below the quartz recrystallization temperature 
(~300°C) along NE-striking dextral strike-slip imbricates within cataclastic granite (unpublished 
Chinese K/Ar whole rock age of 130 Ma) and Cretaceous red bed conglomerate; deformation 
continued into brittle faulting. Orthogneiss (D201) deformed during low-temperature cooling from 
119 to 116 Ma (40Ar/39Ar K-feldspar; Ratschbacher et al., 2000), probably traces a younger 
(?sinistral) event. 
 
2.1.3 Discussion and Conclusions 
The oldest contractional deformation in the Lower Triassic rocks of the YFTB east of Dabie 
occurred within a NW-trending (σ1) compressional stress field, with layer-parallel shortening, 
thrusting, folding, and fold-axis parallel extension. The onset of folding is indicated by Middle 
Triassic sedimentary breccia and conglomerate. This stress field was in place throughout the 
deposition of early Jurassic synorogenic siliziclastic rocks. Subsequent stress fields changed 
clockwise as recorded in both Triassic and Jurassic rocks; the final σ1 orientation was NNE-SSW. 
Contractional deformation probably waned during the Middle Jurassic. It was certainly over in the 
Early Cretaceous, when extensional deformation was established. 
Is foreland deformation related to exhumation in the orogenic interior? Figure 2.1.4 depicts 
trajectories of possibly coeval (within the age constraints established so far) Triassic and Jurassic 
deformation in the orogen and its foreland. Our comparison of compressive stress orientations 
derived from low-strain brittle-faulting in the footwall of the exhuming slab with high-strain ductile  
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Figure 2.1.4: Trajectory maps correlating, speculatively, coeval flow in the orogenic interior and faulting in 
the eastern Yangtze foreland fold-and-thrust belt (YFTB) for three different time periods. During the 
Triassic ductile flow was top NW which was coeval with NW-SE contraction in the eastern YFTB and 
dextral transpression in the southern and western YFTB (unpublished results). The clockwise change of 
the principal strain/stress directions in the Jurassic affected both the cristalline core and the eastern 
YFTB. Lower Cretaceous NW-SE extension took place mainly along the sinistral Xiaotian-Mozitang 
fault zone; the dextral Tan-Lu is interpreted as a conjugated fault zone. The distance-weighting method of 
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flow orientations within the slab in the orogenic interior, although highly speculative, may indicate 
that normal flow within the slab and contraction in the foreland were coeval and similarly oriented. 
The structural and geochronological work of Hacker et al. (1998; 2000) implies that the slab 
exhumed SE-directed from mantle to crustal depths between 235 and 220 Ma; it rotated clockwise 
about a western pivot with a final S-directed component reflected by isotopic ages as young as 170 
Ma. Although the details on the kinematics and timing within both the exhuming slab and the 
YFTB remain to be established, our preferred model proposes that the stress distribution in the 
YFTB was controlled by the extrusion of the UHP slab within Hong’an-Dabie. In this model the 
oroclinal fold bend of the YFTB resulted from the progressive exhumation kinematics of the 
orogen. 
An alternative model relates the foreland deformation to the large relative clockwise rotation (up 
to 70°) of the colliding cratons during the Triassic-Jurassic (paleomagnetic data of Zhao and Coe, 
1987; Enkin et al., 1992; Gilder and Courtillot, 1998). These data are interpreted to reflect a 
“scissor-like” closure of an oceanic basin between the Yangtze and the Sino-Korean cratons. This 
model, however, contradicts the reported Middle Triassic compressional deformation in the 
southern (Faure et al., 1998; own field studies) and western YFTB (Huang and Wu, 1992) where at 
this time oceanic subduction should be active and compressional deformation should be younger, 
i.e. Middle Jurassic. 
If the Tan-Lu fault existed during the Triassic-Jurassic, it probably would have been a thrust 
fault, and, at the end of exhumation history in the Middle Jurassic - in a NNE-SSW transpressive 
stress field - a sinistral strike-slip fault zone. Late Mesozoic reactivation throughout the Qinling-
Dabie orogen and its foreland occurred within regional extensional to transtensional stress fields 
(Fig. 2.1.4), which characteristically show large-scale clockwise rotation of the principal extension 
directions during the Lower Cretaceous (Ratschbacher et al., 2000; this study); transtension and 
extension probably took place in the whole Yangtze block (Faure et al., 1996), perhaps as a result of 
far-field collisions and Pacific subduction (Ratschbacher et al., 2000). Deformation at two localities 
within the near field indicates that the Tan-Lu fault was probably conjugated to the sinistral 
transtensive Xiaotian-Mozitang shear/fault zone of northern Dabie, and thus was active between 
140-120 Ma. In the uppermost Cretaceous/Paleogene, during NNE-SSW transpression, the Tan-Lu 
fault might have been a sinistral strike-slip fault. 
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2.2 Kretazisch-känozoische Deformation 
Kapitel 2.2 ist: “Late Cretaceous - Cenozoic history of the southern Tan-Lu fault zone: Apatite fission-track and 
structural constraints from the Dabie Shan (eastern China)” by J.C. Grimmer, R. Jonckheere, E. Enkelmann, L. 




Apatite fission-track and structural data outline the Late Cretaceous-Cenozoic history of the 
Triassic-Jurassic ultrahigh-pressure Dabie orogen, its foreland (Yangtze foreland fold-thrust belt), 
and the southern Tan-Lu fault zone. Ages from Triassic-Jurassic syn-orogenic foreland sediments 
are younger than their depositional age and thus were reset. A group of ages records rapid cooling 
following shallow emplacement of granitoids of the widespread latest Jurassic-Early Cretaceous 
“Yanshanian” magmatism. Most ages are 90 to 55 Ma and document cooling following reheating at 
110-90 Ma, the time when the Dabie basement units were last at >200°C. This cooling coincides 
with rifting marked by the Late Cretaceous-Eocene red-bed deposition in eastern China; the 
associated stress field is transtensional (NW-trending principal extension direction). The youngest 
fission-track ages and temperature-time path modeling point to enhanced cooling in the footwall of 
normal faults at 45 ± 10 Ma. The related stress field is transtensional, with the principal extension 
changing trend from NW to W, and may be the far-field expression of the India-Asia collision 
superposed onto the back-arc extension setting in eastern China. A regional unconformity at ~25 
Ma marks an upper bound for the inversion of the Late Cretaceous-Eocene rift structures. During 
the Neogene, further subsidence in the eastern China basins was accommodated by sub-horizontal 
NE-SW extension, and followed by the presently active NW-SE extension. The Tan-Lu showed 
normal, then sinistral-transpressive motion during the Late Cretaceous-Eocene. Tan-Lu motion 




Several >100.000 km2 rift basins paralleling the Pacific margin testify to significant Cretaceous-
Cenozoic extension in eastern Asia (Fig. 2.2.1). Their evolution is commonly assigned to Pacific 
subduction and back-arc extension (e.g. Northrup et al. 1995) and to lateral extrusion of eastern 
Asia due to the India-Asia collision (e.g. Tapponnier and Molnar, 1976; 1977; Zhang et al., 1995). 
The ‘Tan-Lu’ is a major NNE-striking fault zone (TLFZ) which bounds several of these basins (Fig. 
2.2.1). It stretches more than 1000 km sub-parallel to the Pacific margin in China, likely extends 
into Russia (e.g. Xu and Zhu, 1995), and has been assigned key significance for the tectonic 
evolution of eastern Asia; for example, its apparent offset of the Dabie-Sulu ultrahigh-pressure 
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(UHP) orogen (Fig. 2.2.1) has sparked discussion of its role during the exhumation of these unusual 
rocks (e.g. Yin and Nie 1996). Proterozoic, Paleozoic, Triassic-Jurassic, and Cretaceous radiometric 
ages have been reported from the TLFZ (e.g. Fletcher et al., 1995; W. Chen et al., 1989; Yin and 
Nie, 1996; Dou et al., 1996; Xu and Zhu, 1995), but whether all these ages date fault activity is 
questionable. 
Cretaceous and Cenozoic structures dominate the orogenic architecture of the Triassic-Jurassic 
UHP Dabie belt and contributed to its exhumation from ≤30 km depth (Ratschbacher et al., 2000 for 
a summary). Cretaceous magmatic crustal recycling and heating (>250° to >700°C) were most 
prominent in northern Dabie (Northern Orthogneiss Unit; Fig. 2.2.2), and exhumation, magmatism, 
and cooling were all controlled by Cretaceous transtension dated at 140-120 Ma. The onset of 
crustal extension was preceded by a reheating of the Dabie crust (~140 Ma) coeval with the onset of 
voluminous magmatism in eastern China (~145 Ma). The entire Dabie Shan cooled to <250°C by 
~115 Ma but its eastern part along the TLFZ was reheated to >200°C at 110-90 Ma. The Tan-Lu 
continental-scale fault zone was a normal fault in the mid-Cretaceous (~110-90 Ma), and underwent 
≥5.4 km of dip slip and ≥4 km throw in the Cenozoic; the most prominent Cenozoic structure 





































































Yangtze Foreland Fold-Thrust Belt
 
 
Figure 2.2.1: Left: The Triassic-Jurassic ultrahigh-pressure Qinling-Dabie-Sulu orogen in eastern China, the 
Yangtze foreland fold-thrust belt, and the Tan-Lu fault zone (modified from Hacker et al., 2000). Dotted 
lines indicate trends of major fold trains. Right: Cenozoic basins in eastern China (modified from Allen et 
al., 1997 and Chen and Qin, 1989). 
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This study focuses on the Cretaceous-Cenozoic tectonic and low-temperature history along the 
southern TLFZ and associated faults at the eastern edge of Dabie and in the Yangtze foreland fold-
thrust belt (YFTB; Figs. 2.2.1, 2.2.2). Regional stress-field estimates integrated with apatite-fission-
track (AFT) data and the evolution of Late Cretaceous-Cenozoic basins place the TLFZ into an 
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Figure 2.2.2: Center: Tectonostratigraphic map of the Dabie Shan and the Yangtze foreland fold-thrust belt 
showing sample locations of apatite fission-track ages. Age contours were generated using a kriging 
method. The youngest ages occur in the footwall of the Tan-Lu fault zone. Temperature-time path 
diagrams give preferred modeling solutions. Upper-left map shows mid-Cretaceous 40Ar/39Ar potassium-
feldspar reheating ages (Ma) in Dabie (modified from Ratschbacher et al., 2000). 
 
 
2.2.2 Structural analysis 
Our geometric, kinematic, and dynamic data are summarized in Figures 2.2.3 to 2.2.6 and Table 
2.2.1. They are based on fieldwork, re-evaluation of the 1:200.000 and 1:500.000 geological maps 
of the Geological Surveys of Anhui, Jiangxi, and Hubei (R.G.S. Anhui, 1975, 1987; R.G.S. Hubei, 
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1990), and integration of the data published by Ratschbacher et al. (2000), Zhang et al. (1999), and 
Schmid et al. (1999). The Appendix 1 summarizes our approach to fault-slip analysis and definition 
of stress-tensor groups in the brittle crust and reviews the applied calculation techniques. The 
computer-program package of Sperner et al. (1993) was employed to calculate principal stress axes 
(σ1≥σ2≥σ3). These axes are interpreted to represent stress fields during different regional 
deformation events (e.g. Angelier, 1984). Critical to the establishment of the stress fields is the 
recognition of consistent superposition criteria between fault subsets on a regional scale. Besides 
using classic overprinting relationships (appendix 1), we carefully investigated the pre- and post-
folding attitudes of faults and related striae. For example, in many locations we observed a 
characteristic fault set that is sub-normal to bedding and has striae sub-parallel to the bedding-fault 
intersection. This set is interpreted to represent sub-horizontal contraction by strike-slip faulting 
prior to folding. The “relative chronology matrix” in Figure 2.2.3a summarizes for the Late 
Cretaceous-Cenozoic the number of subsets for which geologic overprinting criteria constrain a 
relative age sequence and thus documents a deformation history in terms of superposed regional 
stress fields. The upper right triangle of the matrix contains all subset chronologies consistent with 
the available overprinting criteria, the lower left triangle those incompatible with the chosen 
subdivision. Except for the oldest subset, no incompatibilities occur, indicating that the sequence of 
stress fields, schematically illustrated in Figure 2.2.3b with the most common faults, is reliable, 
based on the available stations. Figure 2.2.3c depicts fault subsets, characteristic of the five events 
of the Late Cretaceous-Cenozoic deformation history. 
 
2.2.2.1. Early Cretaceous deformation 
Latest Jurassic-Early Cretaceous structures in the Dabie Shan  are dominantly normal and strike-
slip shear zones and faults; by far the highest strain was accommodated during an initial ductile 
flow event (Ratschbacher et al., 2000). The major crust-shaping event was the formation of the 
magmatic-metamorphic-structural dome of the Northern Orthogneiss Unit (Fig. 2.2.4), which under 
NW-SE sub-horizontal extension and sub-vertical and subordinate NE-SW contraction during 
activation of the Xiaotian-Mozitang detachment fault (XMF). The characteristic regional feature is 
a clockwise change in the orientation of the sub-horizontal stress axes; that is, the trend of the 
principal extension direction changed from early NW to intermediate N to late NE. Ductile flow is 
well dated in Dabie by pre- to syn-tectonic orthogneisses with U/Pb zircon ages of 137 to 128 Ma 
and post-tectonic (undeformed) granitoids of 129 to 125 Ma. 40Ar/39Ar thermochronology indicates 
that most of Dabie cooled below 250°C by ~115 Ma, coeval with brittle-ductile and brittle faulting 
(Ratschbacher et al., 2000). 
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In the eastern YFTB, mafic dikes and basement domes manifest crustal extension (Schmid et al., 
1999, Lin et al., 2000). Dating of one of these dikes (sample A179; Fig. 2.2.4; NE-trending after 
unfolding) by the whole rock K-Ar method yielded 135 ± 5 Ma (Table 2.2.2); it thus predates the 
change from NW to NE extension and later folding. Dongling and Lushan are the most prominent 
basement domes and expose upper- to mid-crustal rocks of the Late Proterozoic Yangtze crystalline 
basement (Fig. 2.2.4). In Lushan, a NW-SE extension is constrained to have occurred between 
Permian and Early Cretaceous, and N-S to dominantly NE-SW transtension (with a strong sub-
horizontal NE-trending stretching lineation and open folding with fold axes parallel to the lineation) 
is syn- to post-tectonic to the 127 Ma Haihui granodiorite (Lin et al., 2000). In Dongling we 
obtained a 40Ar/39Ar age of 124.8 ± 1.2 Ma (D567d; Fig. 2.2.7, Table 2.2.2) from white mica that 
defines the NE-trending stretching lineation (Fig. 2.2.4) and is thus interpreted to be synkinematic. 
In aggregate, the data from Dabie, Lushan, and Dongling indicate that the characteristic regional 
clockwise change in the orientation of the sub-horizontal strain/stress fields, from early NW-SE to 
late NE-SW transtension, occurred between ~140 and ~115 Ma; the latter stress field in particular 
was established after ~127 Ma. 
Figure 2.2.4 integrates the available local stress orientations for the NE-SW transtension within 
and around Dabie, complementing the compilation for the earlier NW-SE transtension presented by 
Ratschbacher et al. (2000) and Schmid et al. (1999). Our structural analysis in the YFTB documents 
Triassic regional folding overprinted by NW-SE shortening and NE-SW extension (Fig. 2.2.4, 
Table 2.2.1) manifested by faulting and gentle folding of Jurassic strata (Schmid et al., 1999). This 
Early Cretaceous folding was accompanied by significant NE-SW extension (cross section in Fig. 
2.2.4). The southern TLFZ was probably not active during the Early Cretaceous for the following 
reasons: (1) During NW-SE transtension the TLFZ should have been a normal fault/shear zone with 
Early Cretaceous deposits in the hanging wall. Such sediments are not preserved east of the TLFZ 
or in the eastern YFTB. In contrast, Early Cretaceous sediments up to several km thick in the 
foreland north of Dabie (Han et al., 1989) testify to significant activity along the XMF and related 
faults. (2) Cooling in Dabie shows a structural control by the XMF, across which the sharpest 
cooling gradient occurs; in contrast, no such influence on cooling rates has been documented across 
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Late Cretaceous - Cenozoic stress fields
Relative Chronology Matrix
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Figure 2.2.3: (a) The “relative chronology matrix” summarizes the number of subsets for which geologic 
overprinting criteria constrain a relative age sequence and thus sets up the deformation history plotted as 
“events” in terms of superposed regional stress fields. In this matrix, rows correspond to the older event, 
and columns correspond to the younger one. The upper right triangle of the matrix contains all 
chronologies consistent with the classification adopted, whereas the lower left triangle is the domain of 
incompatibility. (b) Summary of Late Cretaceous-Cenozoic events (stress fields) in Dabie and the 
Yangtze foreland fold-thrust belt highlighted by the trends of major faults, principal contraction or 
extension directions, and age. (c) Field examples from Late Cretaceous-Paleogene red beds for (b); 
station D78 is from Ratschbacher et al. (2000). Stereograms (lower hemisphere, equal-area stereograms) 
are as follows: Faults are drawn as great circles and striae are drawn as arrows pointing into the direction 
of displacement of the hanging wall. Confidence level of slip-sense determination is expressed in the 
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Table 2.2.1: Location of Stations and Parameters of the Deviatoric Stress Tensor. 
 
Station  Stratigraphy-Lithology Latitude Longitude Method N σ1 σ2 σ3 R F 
 























31°43´08´´    116°30´35´´ 
30°33´50´´    116°49´11´´ 
30°40´18´´    116°53´02´´ 
30°58´07´´    117°25´42´´ 
31°20´24´´    117°04´31´´ 
 
31°12´09´´    117°15´27´´ 
30°33´25´´    116°53´17´´ 
 
29°53´00´´    115°30´00´´ 








































































































K1 red beds 
J1-2 graywacke 























32°15´21´´    117°52´20´´ 
30°40´18´´    116°53´02´´ 
30°45´20´´    117°54´48´´ 
 
30°58´07´´    117°25´42´´ 
31°12´09´´    117°15´27´´ 
30°57´42´´    118°06´29´´ 
30°49´35´´    117°47´22´´ 
30°40´31´´    117°06´33´´ 
30°24´18´´    116°36´30´´ 
29°53´00´´    115°30´00´´ 
30°18´14´´    114°57´08´´ 
30°16´56´´    114°59´21´´ 
30°13´50´´    115°03´08´´ 
30°16´21´´    115°01´14´´ 
 
 
29°59´40´´    114°43´03´´ 
30°03´33´´    114°55´39´´ 
30°04´13´´    114°59´44´´ 
29°52´43´´    115°05´39´´ 
 
 
30°14´34´´    115°00´59´´ 





























































































































































































































32°15´21´´    117°52´20´´ 
 
31°43´08´´    116°30´35´´ 
 
30°33´50´´    116°49´11´´ 
30°40´18´´    116°53´02´´ 
 
30°58´07´´    117°25´42´´ 
30°54´25´´    117°35´47´´ 
30°40´23´´    116°52´59´´ 
 
30°18´14´´    114°57´08´´ 
30°16´21´´    115°01´14´´ 
29°59´40´´    114°43´03´´ 
 
 
30°04´13´´    114°59´44´´ 
29°54´31´´    115°10´34´´ 
29°46´24´´    115°13´55´´ 
 
29°47´51´´    115°35´51´´ 




























































































































































The numerical dynamic analysis method (NDA; Sperner et al., 1994) and the P-B-T-axes method (PBT; Turner, 
1953) were used for calculation of principal stress directions (σ1≥σ2≥σ3). For stations with less than four fault-
slip data we report visually estimated contraction and extension directions. In the measurement column (#) first 
number is number of measurements used for calculation, second number gives total number of measurements. 
For σ1-σ3, azimuth (first number) and plunge (second number) of the principal stress axes are given. The stress 
ratio R is (σ2-σ3)(σ1-σ3)-1 (where 1 is uniaxial confined extension, 0 is uniaxial confined compression). The 
fluctuation F gives the average angle between the measured slip and the orientation of the calculated theoretical 
shear stress. Abbreviations are as follows: T1, 2: early, mid-Triassic; J1, 2, 3: early, mid, late Jurassic, K1, 2: early, 
late Cretaceous, E: Eocene. 
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Early Cretaceous red beds
Late Jurassic - early Cretaceous volcanics
Middle Triassic - Middle Jurassic siliziclastics
















































Cross-section: eastern Yangtze fold-thrust belt




















Figure 2.2.4: Mesoscopic fault data and map-scale structural interpretation of late Early Cretaceous (K1) 
stress field. NE-SW extension was accompanied by significant NW-SE shortening, which was mainly 
accomplished by folding and transpressive strike-slip faulting. Cross-section at the bottom is completely 
re-interpreted from 1:200.000 geologic maps and own field investigations (R.G.S. Anhui, 1975). 
Abbreviations are as follows: Pt: Proterozoic Yangtze basement; Z: Sinian; €: Cambrian; O: Ordovician, 
S: Silurian, D: Devonian; CP: Carboniferous-Permian; T: early Triassic; T2-J2: mid-Triassic - mid-
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Table 2.2.2: K/Ar and 40Ar/39Ar Geochronology: Sample Descriptions and Locations. 
 
Sample  Rock       N Latitude  E longitude 
A179  basalt       30°34’   116°52’ 
D277a  granitic gneiss, Lushan massif    29°29.82’   116°02.12’ 
D287b  granite in fold-thrust belt near Anqing    30°37.36’  117°51.72’ 
D567d  paragneiss, Dongling massif     30°34.37’   116°50.08’ 
D580  orthogneiss, Zangbaling massif    31°48.46’  117°38.06’ 
 
Sample  Mineral  %K  40Ar   Age 
       ng/g   Ma 
A179  whole rock 0.42±0.15 4.15±0.15  135±5 
 
Sample  Mineral   J Weight Grainsize Interpretation 
       mg       µm  
 
D277a  ksp 0.0040588  1.5      400  rapid cooling at 96 ± 2 Ma, continuous cooling to 70 Ma 
D287b  ksp 0.0040775  2.5      400  rapid cooling at 120 ± 2 Ma 
 
Sample  Mineral      J   Weight Grainsize TFA      IA  MSWD 40Ar/36Ar WMA %39Ar Used    
       mg  µm   Ma      Ma             Ma 
 
D567d  mus 0.00856   6.5 400 124.2±1.4  126.9±1.4 1.05/2.3 150±68   124.8±1.2        79 
D580  bio 0.000788   6.2 400 103.4±0.4  103.9±0.7  57/1.7 293±7 103.7±0.3        96 
 
 
J is the irradiation parameter; MSWD is the mean square weighted deviation (Wendt and Carl, 1991), which expresses the goodness 
of fit of the isochron (Roddick, 1978); isochron and weighted mean plateau ages are based on temperature steps underlain in gray in 




2.2.2.2 Late Cretaceous - early Cenozoic deformation 
Overprinting criteria establish three consecutive Late Cretaceous - early Cenozoic stress fields 
(Table 2.2.1, Figs. 2.2.3, 2.2.5). The kinematic interpretation of map-scale faults in Figure 2.2.5 is 
based on stress field 1 (see below). 
Stress field 1 (Fig. 2.2.5): Fault sets in Upper Cretaceous-Eocene (K2-E) red beds (e.g. station 
Y151) that contain faults sub-normal to bedding and striae sub-parallel to the bedding-fault 
intersection lineation are interpreted to reflect sub-horizontal contraction by strike-slip faulting prior 
to folding. Fault inversion establishes NE-SW contraction and NW-SE extension (σ1: 045 ± 20°, σ3: 
135 ± 20°, 16 stations). The red beds were mainly deposited in half grabens (e.g. Qianshan, Poyang 
basins, Fig. 2.2.5); there may be a pull-apart basin south of Dabie (stations Y151, Y153, Y100, 
Y162, Fig. 2.2.5). In this stress field, Paleogene(?) basalts (Zheng, 1985) were emplaced as sills in 
the red beds (station Y153). Distinct accessory biotite identifies these basalts as the source of 
hematite-encrusted basalt pebbles in karst breccia of Triassic carbonates; the widespread 
karstification in the YFTB is thus Tertiary. The major active faults were the TLFZ and the fault 
zones bounding the Dongling and Lushan domes against the Yangtze river depression and the 
Poyang basin, respectively (see also Lin et al., 2000). 
Stress field 2 (Fig. 2.2.5, gray-underlain plots): N-S contraction (σ1: 182 ± 18°, 8 stations) is 
recorded in K2-E red beds along the TLFZ, making the TLFZ a sinistral transpressive fault (e.g. 
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stations D572, Y138, Y141, Y151). Station D572 represents a sinistral transpressive, map-scale 
strike-slip fault, which reactivated a normal fault (stress field 1) with K2-E red beds in the hanging 
wall. The deformation here is end-Eocene or younger as the Eocene red beds are tilted northward. 
Stress field 2 was also recorded in Dabie (Ratschbacher et al. 2000). 
Stress field 3: Only 5 stations indicate a younger dextral reactivation of faults parallel to the 
TLFZ; σ1 trends 080 ± 6°. This field was also recorded in Dabie (Ratschbacher et al. 2000). 
 
 






Neogene - Quaternary sediments
Cretaceous - Paleogene red beds
Late Jurassic - early Cretaceous volcanics
Middle Triassic - Middle Jurassic siliziclastics




































































Figure 2.2.5: Mesoscopic fault data and map-scale structural interpretation of Late Cretaceous-Paleogene 
stress fields. Faults active during NW-SE transtension (stress field 1 in text) are drawn on the map. Later 
~N-S shortening was mainly accomplished by oblique thrusting; related stereograms are underlain gray. 
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Figure 2.2.6: Mesoscopic fault data and map-scale structural interpretation of late Cenozoic stress fields. 
The three fields are discriminated by different shading in the stereograms; the darker the underlay the 
older the related stress fields. Most faults in the map are reactivated Late Cretaceous-Paleogene faults. 
 
 
2.2.2.3 Late Cenozoic deformation 
Overprinting criteria establish two consecutive stress fields (Table 2.2.1, Figs. 2.2.3, 2.2.6). The 
kinematic interpretation of map-scale faults in Figure 2.2.6 is based on stress field 4 (see below). 
Stress field 4 (Fig. 2.2.6): Spectacular zones of multiply activated calcite veins up to 7 m wide 
(e.g. Y150) and associated normal faults in Eocene conglomerates testify to significant NE-SW 
extension (σ3: 054 ± 16°, 9 stations). Locally, fault breccia (e.g. Y147) in pre-Upper Cretaceous 
rocks involve red beds even outside the present outcrop range of those rocks pointing to a formerly 
widespread K2-E coverage. Early Neogene NE-SW extension was also documented in the Weihe 
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graben of central China (north of the Qinling and part of the Shanxi rift system), the TLFZ, the 
Dabie basement, and from North Vietnam (Bellier et al., 1991; Zhang et al., 1999; Ratschbacher et 
al., 2000; Jolivet et al., 1999). 
Stress field 5 (Fig. 2.2.6): Active faults are currently forming under general NW-SE extension 
(σ3: 132 ± 12°, 7 stations). The TLFZ is a dextral transtensional fault and the Jinzhai fault along 
northern Dabie is sinistral; the onset of faulting was likely late Miocene/Pliocene (Bellier et al., 
1991; Zhang et al., 1995, 1999; Ratschbacher et al., 2000). Locally, curving slickenline fibers 
indicate a continuous clockwise change from the NE-oriented extension of the Neogene to the 
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Figure 2.2.7: New 40Ar/39Ar ages from the Yangtze foreland fold-thrust belt and the Zhangbaling area. See 
Table 2.2.2 for location and analytical data. 
 
 
2.2.3 Apatite fission-track analysis 
Forty samples from sedimentary, metamorphic, and magmatic rocks of the Dabie Shan and 
YFTB were selected for fission-track analysis (Fig. 2.2.2, Table 2.2.3). Apatite was separated using 
standard heavy-liquid and electromagnetic techniques. The apatite fractions were mounted in 
epoxy, and their surfaces ground and then polished using 3 µm and 0.25 µm diamond pastes and 
0.04 µm OP-S silica suspension. The fossil tracks were etched for 70s in 2.5% HNO3 at room 
temperature. The samples were then covered with 50 µm thick muscovite external detectors and 
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stacked in irradiation containers. Al-0.1%Au foil neutron fluence monitors (IRMM 530R), certified 
by the Institute for Reference Materials and Measurements, were inserted at the top, middle and 
bottom of the containers. The sample stacks were irradiated in channels 7 (epithermal/thermal 
fluence ratio: f = 116; epithermal neutron spectrum: ϕe (E) ~ 1 / E (1+α) (De Corte et al., 1986) with α 
= 0.072), 8 (f = 163; α = 0.068), and 15 (f = 68.5; α = 0.065) of the Thetis research reactor at the 
Institute for Nuclear Sciences of the University of Gent. After irradiation the samples cooled for four 
weeks before the muscovite external detectors were removed and etched in 40% HF for 20 min. at 
room temperature. 
The thermal neutron fluences were calculated from the 411.8 keV gamma-peak, measured with 
the aid of a Ge(Li) detector connected to a Canberra 4000 channel gamma-spectrometer. The 
neutron fluence monitors were positioned at the reference height, for which the peak detection 
efficiency had been determined with the aid of primary and secondary standard sources. Gamma 
counting was continued till the Poisson uncertainty on the 411.8 keV peak area amounted to <0.5%. 
The thermal neutron fluences were calculated in the Høgdahl convention, using the following 
constants: atomic mass: MAu = 196.97 (Lide and Frederikse, 1995); isotopic abundance of 197Au: 
197θ = 1 (Lide and Frederikse, 1995); 2200 m/s effective cross-section for the 197Au(n,γ)-reaction: σ0 
= 98.65 b (Mughabghab et al., 1981; Holden and Holden, 1998); resonance energy: Er = 5.65 eV 
(Jovanović et al., 1987); resonance integral: I0 = 1550 b (Mughabghab et al., 1981); decay constant 
for 198Au → 198Hg + β- + γ (411.8 keV ): λ = 2.97663 10-6 s-1 (Hoppes and Schima, 1982); absolute 
gamma intensity: I411.8 keV = 0.9556 (Hoppes and Schima, 1982). To account for the axial neutron 
fluence gradient at the irradiation position, the fluence for each individual sample was calculated by 
interpolating between the values for the two neutron fluence monitors bracketing it. There also 
exists a radial fluence gradient in the irradiation channel, but this does not result in a systematic error 
on the fission-track ages because the apatite grains were embedded in the center of each mount and 
dating randomly chosen grains averages out neutron fluence differences between grains. The 
thermal neutron fluences are summarized in Table 2.2.3; their combined systematic and statistical 
error is estimated at ~2% (Van den haute et al., 1988; Jonckheere, 1995). In order to check the 
accuracy of the age determinations with the independent method [φ-method], the fission-track ages 
of a set of samples were also determined with the Z- and ζ-methods. To this end, two mounts each of 
the Fish Canyon tuff, Durango and Mount Dromedary apatite age standards were included in each 
irradiation. These were prepared in the same manner as the samples, with two exceptions 
(Jonckheere and Wagner, 2000; Jonckheere et al., 2001). First, ~1mm thick slices, cut parallel to the 
prismatic faces of a single crystal of Durango apatite were used instead of shards obtained by 
crushing. This ensures that the track counts in the age standard are performed on the same surfaces 
that are selected for the fission-track counts in the samples. Second, mm-sized shards of the Corning 
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CN5 standard uranium glass were embedded together with the age standards. This ensures a 
minimum separation between the standard glasses and apatite age standards and eliminates the 
effect of the axial neutron fluence gradient. The effect of the radial fluence gradient is eliminated by 
counting the induced tracks resulting from uranium fission in the standard glass in the mica 
covering different shards distributed over the standard mount. 
The calculation of the ζ-calibration factors brought to light a systematic difference between those 
for the Fish Canyon tuff and Durango apatites on the one hand and that for the Mount Dromedary 
apatite on the other. Determinations of the independent fission-track ages of the standards with the 
φ-method confirmed that the independent ages of the Fish Canyon tuff and Durango apatites ages 
are in agreement with their reference ages, but showed that that of the Mount Dromedary apatite is 
~20% lower (Jonckheere et al., 2000; 2001). We conclude that the reference age of the Mount 
Dromedary apatite is not reliable. For this reason, the Z- and ζ-calibration factors were calculated 
on the basis of the results for the Fish Canyon tuff and Durango apatites alone. Because we cannot 
rule out that there also exists a small systematic difference between the ζ-factors for the Fish 
Canyon tuff and Durango apatites, we preferred to use their unweighted mean for the calculation of 
ζ, since the weighted mean tends to be biased in favor of the lower value. In addition, the error on 
the unweighted mean ζ reflects the true scatter of the data. The ζ-values in Table 2.2.3 show that 
there exists a significant difference between the mean ζ -values for the two principal analysts (ζ CN5 
= 341 ± 4 a cm2 and ζ CN5 = 369 ± 7 a cm2), which is ascribed to different track identification 
criteria. Both analysts (R.J and E.E.) obtained ζ-ages for all samples that are in agreement with their 
independent fission-track ages (φ-ages) and Z-ages (Fig. 2.2.8). It is thus safe to conclude that their 
different track identification criteria did not introduce systematic errors. 
The independent fission-track ages were calculated by substituting the fossil (ρs) and induced 
track densities (ρi) in the equation: t = 1/λα ln [(λα/λf) G R (ρs/ρi) I φs σ0 + 1], wherein the nuclear 
parameters take the following values: alpha-decay constant of 238U: λα=1.551∗10-10 a-1 (Jaffey et al., 
1971); fission-decay constant of 238U: λf =8.46∗10-17 a-1 (Galliker et al., 1970; Guedes et al., 2000); 
geometry factor: G= 0.5; isotopic ratio 235U/238U: I=7.253∗10-3 (Cowan and Adler, 1976); φs: 
subcadmium neutron fluence in the Høgdahl convention; effective 2200 m/s cross-section for the 
235U(n,f)-reaction: σ0=586 b (Holden and Holden, 1989). The R-factor has almost the same meaning 
as the Q-factor in Wagner and Van den haute (1992). R represents the ratio of the track counting 
efficiencies in an apatite internal surface and a muscovite external detector. R depends on the track 
identification criteria, and is a personal calibration factor in the same way as ζ. R was determined 
from the ratio of induced track densities in internal apatite surfaces and co-irradiated external 
detectors (Jonckheere, 1995) and from the ratio of the reference ages of a set of age standards to 
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their φ-ages (Enkelmann, 2001). The R-values of the two principal analysts (R=1.03 ± 0.01 and 
R=1.20 ± 0.01) are again different as a result of different track identification criteria. It is not 
unexpected that R>1 because it includes the effect of the track length deficit (Iwano et al., 1992; 
Jonckheere, 1995). On the one hand, the dissimilar R- and ζ-factors of the two analysts reveal the 
potential magnitude of the effect of track identification criteria on fission-track counts. The 
consistency of the φ-, Z- and ζ-ages, on the other hand, shows that they are adequately dealt with in 
both dating methods. 
The track counts in the samples and age standards were performed with a Leitz Aristomet 
microscope at a nominal magnification of 400x, using transmitted light. The external detectors were 
repositioned, trackside down, on the apatite mounts, and maneuvered into the exact same position 
as during irradiation. The fossil tracks were counted by focusing on the apatite surface trough the 
muscovite detector; the induced tracks were counted by focusing on the underside of the external 
detector, without moving the microscope stage (Jonckheere and Wagner, 2000). This method has 
some practical advantages: (1) there is no need for reference points; in particular in standards, the 
mounts around the reference points tend to deteriorate the contact between the mount and external 
detector during later irradiations; (2) the reliance on motorized stages is reduced and there is no 
need for calibration before the track counts; (3) the attainable positioning precision is very high; 
thus the analysis of grains with low induced track densities becomes easier; this proved an 
important practical advantage in the present case because many samples are low in uranium. 
Prismatic apatite surfaces were selected for the track counts; at least 20 grains were dated whenever 
possible; all suitable grains were counted in samples that contained less than 20. 
Track length measurements were performed at a nominal magnification of 2000. The 
measurements were performed with a Calcomp Drawingboard II digitiser. A point-like light source, 
mounted on the cursor and projected onto the microscope image via a drawing tube, is used to 
register the co-ordinates of the track extremities, which are sent on-line to a McIntosh computer, 
and read by the Trevorscan program that calculates and stores the track lengths and orientations. At 
least 100 horizontal confined tracks parallel to prismatic surfaces were measured wherever possible; 
all suitable tracks were measured in samples that contained less than 100. No distinction was made 
between TINTs and TINCLEs. Separate mounts were prepared of four samples (Y113, Y118; 
Y126; Y158) that yielded sufficient apatite for supplementary track length measurements. These 
mounts were irradiated with Californium-fission fragments by Donelick Analytical, Inc. to increase 
the number of measurable confined tracks (Donelick et al., 1991) and etched in 5.5 M HNO3, so 
that the kinetic parameter Dpar could be used in modeling their thermal histories (Donelick et al., 
1999). No such information is available for the samples in which the confined track lengths were 
measured in the same mounts as used for dating. 
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The thermal histories were modeled with AFTSolve 1.1.3 (Ketcham et al., 2000). The annealing 
equations of Laslett et al. (1987) were selected when no compositional information was available. The 
equations of Ketcham et al. (1999) were selected for the Cf-irradiated samples, for which kinetic 
information was available through Dpar. As a rule, 10000 candidate temperature-time (T[t]) paths were 
generated by a Monte-Carlo process. Occasionally, much longer runs confirmed that the solutions 
remained stable after 10000 iterations. A Monte Carlo procedure was preferred because more efficient 
search algorithms are not well enough understood to exclude that they converge on a local maximum. 
No minimum or maximum heating or cooling rates were imposed because no such limits are imposed 
by the independent geological information. The segments connecting the nodes defining each T[t]-
path were not subdivided. This has the effect that the number of degrees of freedom of the T[t]-path is 
limited to 2n, where n represents the number of free nodes. Because the number of free nodes is 
determined by the number of user-entered constraints, this procedure enabled us to discriminate 
between different T[t]-solutions by repeated modeling of a single sample with considered changes of 
the number and position of the constraints. This modeling procedure revealed that the selection of 
constraints has an important effect on the resulting T[t]-paths. In order to keep track of how the 
number and position of constraints affect the modeling results, we have consistently used the 
minimum number of constraints and modeled each sample several tens of times, gradually shifting 
their position. This modeling procedure is described in detail in Jonckheere and Wagner (submitted). 
Its principal feature is a distinction between initial constraints at the start of the T[t]-paths, final 
constraints at the end, and central constraints between the two. In this study we have systematically 
set a pair of initial and a pair of final constraints, adding up to three central constraints depending on 
the track length distribution. 
The lack of compositional information is usually considered to be a handicap in apatite T[t]-path 
modeling, but of not much consequence in the present case. Except through measurements of Dpar, 
no compositional information has been gathered for several reasons. First, most apatites have 
compositions not too different from that of Durango apatite: compositional variations within this 
range have a moderate effect on track annealing kinetics (Ketcham et al., 1999, in particular Fig. 
2.2.8 and its discussion), which for our purposes are well enough described by the equations of 
Laslett et al. (1987) in the interval in question. Second, the compositional control of annealing 
kinetics is not well enough understood. No linear combination of compositional parameters allows 
predicting track annealing kinetics with confidence (Ketcham et al., 1999, p. 1251) so that the 
unconsidered use of simple compositional parameters is fraught with danger. Third, the effect of 
apatite composition on the T[t]-paths is to shift the good-fit temperature ranges at the constraints up 
or down by ten or, in extreme cases, several tens of degrees. This effect is, however, less important 
than that due to the number and position (in time) of the constraints. In this study, we have 
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accounted for the latter effect as far as possible (section 4), while allowing for our lack of data and 
understanding of the effects compositional variation by not basing our interpretation on the exact 
temperatures predicted by the modeling results. 
 
 



















Figure 2.2.8: The Z- and ζ-ages of the samples plotted against their independent ages (φ-ages). The good 
agreement provides a strong argument that the ages are accurate. The error bars represent 1σ statistical 
errors. The scatter of the data is less than suggested by the error bars because the same values for the 
fossil (ρs) and induced track densities (ρi) were used in all age-calculations. 
 
 
2.2.3.1 Apatite fission-track results 
Table 2.2.3 lists the basic fission-track data; Plate 2.2.1 depicts the confined track-length 
distributions and the range of possible T[t]-paths, and Figure 2.2.2 shows the regional distribution of 
fission-track ages and the preferred T[t]-paths. Radial plots (Galbraith, 1990) demonstrate that some 
single-grain ages have extra-Poisson scatter, but do not indicate the presence of more than a single age 
component in any of the samples. 
The oldest fission-track age is that of a Middle Triassic sandstone (J66), with a single age 
component of 158.2 ± 14.3 Ma. This age is younger than the depositional age, but because no 
confined track lengths could be measured in this sample, it remains unresolved whether this is the 
result of a complete resetting before the time dated by the fission-track age or partial resetting due 
to burial or advective heating at a later time. 
The next oldest ages are 117.8 ± 3.7 Ma (J32), 113.3 ± 3.6 Ma (D287), and 115.5 ± 6.7 Ma 
(D516). J32 is an undeformed subvolcanic syenite of presumed Early Cretaceous age. J32 has a 
narrow unimodal length distribution with the longest mean length (14.0 µm) of all samples (Plate  
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2.2.1a-a). Despite the low number of confined tracks (N=36), its T[t]-path is well constrained, with 
rapid cooling through the partial annealing zone, followed, at some time between ~135 and ~117 
Ma, by a prolonged residence at lower temperatures. Whether the second phase involved further 
slow cooling (<1°C/Ma) or no cooling depends on the timing of the rapid cooling phase (Plate 
2.2.1a-b, a-c). D287 is from a granitoid intrusion with a 40Ar/39Ar potassium-feldspar age of 120 ± 2 
Ma (Table 2.2.2, Fig. 2.2.7). Although its age is similar to that of J32, its track length distribution is 
broader (Plate 2.2.1ba), with a shorter mean length (12.6 µm). Its T[t]-path is again well constrained 
(N=108). Continuous-cooling type solutions provide a good fit. The onset of effective track 
accumulation took place by ~127 Ma. This value is imprecise, and therefore not considered to be in 
disagreement with the potassium-feldspar age. The closeness of both values suggests rapid cooling 
around ~120 Ma. Because there is a component of shorter tracks, other types of T[t]-path, involving 
a change of cooling rate or thermal high around 110 Ma are also in agreement with the fission-track 
data (Plate 2.2.1b-c). These solutions do, however, place the start of effective track accumulation 
well above 120 Ma, and are not considered realistic. Both J32 and DS287 intruded the volcano-
sedimentary cover (J32 into Upper Jurassic volcanics; D287 into Lower Triassic carbonates) at 
shallow crustal levels. We propose that the phase of rapid cooling around ~120 Ma reflects cooling 
after intrusion. D516 is a Lower Cretaceous sandstone from the northern foreland. If it was derived 
from the Dabie Shan from source rocks with ages similar to J32 and D287, erosion, transport, and 
sedimentation must have been rapid, and D516 cannot have been exposed to elevated temperatures. 
This is supported by detrital potassium feldspars from Upper Cretaceous (D32, Fig. 2.2.2) and 
Paleogene red beds (D220, Fig. 2.2.2), indicating that their source terrane was dominated by rocks 
cooling through  ~200°C at 123 ± 1 to 119 ± 1 Ma (Hacker et al., 2000).  
With the exception of J66, discussed above, the fission-track ages of Triassic-Jurassic sediments 
from the eastern YFTB (J46, J57, J59, J78) range from 110 to 90 Ma. Of these, only J57 (109.5 ± 
5.9 Ma) is suitable for modeling. Because of the low number of confined tracks (N=22) and the 
rather indistinct broad unimodal length distribution (mean 13 µm; Plate 2.2.1c-a), its T[t]-path is not 
well constrained and two different solutions are possible, depending on the position of the initial 
constraints. Placing them such that effective track accumulation started before ~120 Ma, a 
continuous-cooling type T[t]-path (cooling rate ~1°C/Ma) is obtained that is essentially determined 
by the fission-track age (Plate 2.2.1c-b). Placing the constraints such that onset of effective track 
accumulation can take place between ~120 Ma and ~106 Ma de facto satisfies the age condition, so 
that only the weak length condition remains. This gives a broad envelope of good-fit T[t]-paths 
(Plate 2.2.1c-c). Whether, within this envelope, the samples experienced cooling, constant 
temperature, or even moderate reheating is beyond the resolution of the fission-track data. The 
fission-track and biotite 40Ar/39Ar ages of an orthogneiss from Zhangbaling (D580; 91.5 ± 6.2 Ma; 
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103.7 ± 0.3 Ma; Table 2.2.2, Fig. 2.2.7) are also within the range of the 110-90 Ma reheating event 
documented in eastern Dabie. 
Most (22) samples from the Dabie Shan and the southern YFTB have ages in the range of 90-55 
Ma, and eight samples have Eocene ages (45 ± 10 Ma; Fig. 2.2.2). We present a brief discussion of 
those that were amenable to T[t]-path modeling, based only on the good-fit results (dark gray in 
Plate 2.2.1). Y118 is from a granitoid along the southern edge of Dabie, close to a K2-E red-bed 
basin. Its fission-track age is 70.5 ± 2.9 Ma, and its confined track length distribution is skewed (mean 
13 µm, N=212; Plate 2.2.1f-a). Modeling with constraints that allow only continuous-cooling type 
T[t]-paths gives good-fit solutions provided that the onset of cooling is before 78 Ma (cooling rate: 
~2°C/Ma; Plate 2.2.1f-b). The high temperature at 76 Ma is due to the high thermal stability of the 
tracks (Dpar = 3.5 µm). To examine the effect of a non-constant cooling rate, modeling was continued 
with an additional pair of central constraints. This produced two types of results. If the younger of 
these constraints is older than ~55 Ma, a broad envelope of good-fit T[t] paths is obtained (Plate 
2.2.1f-c). This implies that even in a sample with a precisely determined fission-track age and length 
distribution, these data are insufficient to impose severe restrictions on its thermal history. However, 
an envelope of T[t]-paths such as in Plate 2.2.1f-c does not mean that each individual T[t]-path 
provides a good fit. It must be interpreted as a superposition of two or more different types of good-fit 
T[t]-paths. There is no simple method for resolving these components. One is suggested by the best-
fit T[t]-path in Plate 2.2.1f-c; its key feature is a thermal maximum centered on the older of the pair of 
central constraints, as long as it is set at >60 Ma (left inset in Plate 2.2.1f-c). An upper age limit 
younger than 78 Ma cannot be determined on the basis of the modeling. Detailed modeling showed 
that a second component making up the envelope of T[t]-paths is identical to the first, but with the 
thermal maximum centered on the younger of the pair of central constraints, provided that constraint 
is set at >55 Ma (right inset in Plate 2.2.1f-c). The superposition of these two solutions produces the 
envelope of good-fit T[t]-paths in Plate 2.2.1f-c, but other solutions are, of course, possible. The only 
good-fit solution obtained when the younger of the pair of central constraints is set at <55 Ma 
involves initial cooling at a moderate rate followed by slower cooling or constant temperature (Plate 
2.2.1f-d). A thermal maximum at such a recent time should have produced a larger component of 
short tracks that are missing from the track length distribution. Detailed modeling showed that this 
type of T[t]-path is also part of the envelope of good-fit solutions in Plate 2.2.1f-c. 
Samples Y126 (65.4 ± 1.8 Ma) and Y158 (64.1 ± 2.5 Ma) are from adjacent localities but different 
sandstones (Y126 is Jurassic and Y158 is Triassic sandstone). They have statistically identical ages 
and length distributions, indicating that their fission-track systems were reset after sedimentation, and 
that both samples experienced similar thermal histories. Their combined length distribution (mean 
12.9 µm, N=110) is bimodal (Plate 2.2.1g-a), with the first maximum at ~11 µm somewhat less 
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pronounced than the second at ~14 µm. The data were first modeled without central constraints, 
producing a narrow range of continuous-cooling type T[t]-paths, provided that effective track 
accumulation started no later than 75 Ma (Plate 2.2.1g-b). The average cooling rate (~1°C/Ma) is 
essentially determined by the fission-track age and apatite composition. Due to the bimodal length 
distribution, the data were also modeled with a triplet of central constraints that allows examining the 
range of solutions involving a thermal maximum. This produced a broad envelope of possible T[t]-
paths (Plate 2.2.1g-c) that has again to be interpreted as a superposition of different types of T[t]-
solutions, including those corresponding to continuous cooling and a thermal event. Detailed 
modeling showed that 55-30 Ma brackets the maximum; the maximum temperature is high (>150°C) 
as a result of the apatite composition (Dpar = 4.0 µm). However, the modeled track-length distributions 
for those T[t]-paths showed that the length maxima are less clearly separated than in the measured 
length distribution. Thus a perfect fit to the separate maxima is not a condition for obtaining a good-fit 
T[t]-path, and an equally good fit can be obtained with a broad unimodal distribution. Modeling was 
repeated with only a pair of central constraints to examine simpler thermal histories involving changes 
in the cooling rate. The resulting T[t]-paths (Plate 2.2.1g-d) provide an equally good fit to the data and 
involve an initial phase of slow cooling (~1°C/Ma) followed by a distinct phase of accelerated 
cooling, after which the temperature remained constant or decreased again slowly. Although detailed 
modeling shows that this type of solution is only found when the younger of the pair central 
constraints is placed at <55 Ma, the reversal to the previous solutions that occurs at >55 Ma is 
probably the result of interference between the initial and central constraints. 
Y113 is a biotite-garnet gneiss from the southern Dabie Shan with a fission-track age of 42.7 ± 1.6 
Ma and a skewed length distribution (mean 13.9 µm, N = 248; Plate 2.2.1h-a). Modeling with only 
initial and final constraints gives a narrow range of good-fit continuous-cooling type T[t]-paths if the 
younger initial constraint is >42 Ma (Plate 2.2.1h-b). Adding a pair of central constraints produces the 
same two modeling solutions as for Y118: (1) a broad envelope of thermal histories that is interpreted 
as the result of the superposition of different types of possible T[t] paths if the younger central 
constraint is set at >21 Ma (Plate 2.2.1h-c), and (2) a well-defined envelope of T[t]-paths reflecting an 
initial phase of more rapid cooling (3-5°C/Ma), followed by a period of slow cooling or constant 
temperature if the younger central constraint is set at <21 Ma (Plate 2.2.1h-d). 
D270 is a granite from the southern YFTB that yielded a 40Ar/39Ar biotite age of 143 Ma 
(Ratschbacher et al., 2000). Its fission-track age is 85.4 ± 3.1 Ma and its track-length distribution is 
broad and unimodal (mean 12.4 µm, N=40; Plate 2.2.1d-a). Setting initial constraints older than 97 
Ma forces the T[t]-paths to pass through the closure temperature at the time given by the apparent 
fission-track age, producing well-defined continuous cooling T[t]-paths (Plate 2.2.1d-b). With 
younger initial constraints (97-82 Ma), this condition is automatically satisfied, leading to T[t]-paths 
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that are poorly constrained by the length distribution alone, and the best-fit solution indicating a 
long residence at the top of the PAZ and cooling in the last few Ma (Plate 2.2.1d-c). 
D567f is from a granite intrusion in the Dongling basement dome. Its fission-track age of 72.8 ± 
3.9 Ma is interpreted as reflecting exhumation during the Late Cretaceous, an interpretation which is 
supported by the presence of K2-E sediments in the hanging wall of the normal fault to the SE. Its 
length distribution is tight and unimodal (mean 13 µm, N=31; Plate 2.2.1e-a). Modeling produces an 
envelope of good-fit T[t]-paths showing an initial phase of rapid cooling between 82 and 68 Ma, 
followed by a phase of slow cooling or constant temperature (Plate 2.2.1e-c). However, because of the 
low number of confined track lengths, there other solutions in agreement with the data also exist. 
Modeling with the younger initial constraint set at >82 Ma produces continuous-cooling type T[t]-
paths that pass through the closure temperature at the time given by the fission-track age (Plate 2.2.1e-
b). 
Samples D76 (75.4 ± 2.9 Ma), D72 (67.2 ± 3.2 Ma), D95 (65.2 ± 2.8 Ma), D98-17 (60.2 ± 1.5 
Ma), and D107 (57.6 ± 2.0 Ma) are a granites and gneisses from the eastern and northern part of the 
Dabie Shan metamorphic basement. Their ages are also interpreted as reflecting differential 
exhumation during the Late Cretaceous and early Tertiary. Their track length distributions are 
unimodal with means between 12.0 and 13.7 µm (Plate 2.2.1j-a, k-a, l-a, m-a, n-a). Few confined 
track length could be measured in most samples (N=23-40) except in D98-17 (N=105). As a result, 
their T[t]-paths are not well defined. In all cases there are two types of solution. The first, involving 
continuous cooling at a moderate rate (1-2 °C/Ma), results from setting the initial constraints well 
above the apparent fission-track age, forcing the T[t]-path to pass through the closure temperature at 
the time corresponding to this age (Plate 2.2.1j-b, k-b, l-b, m-b, n-b). When the constraints are set at a 
lower age, the result is a broad envelope of T[t]-paths, involving an initial phase of rapid cooling 
followed by residence in the total stability zone and top of the partial annealing zone (Plate 2.2.1j-c, k-
c, l-c, m-c, n-c). Whether the samples experienced cooling, constant temperature, or even moderate 
re-heating within this envelope is beyond the resolution of the fission-track data. 
 
2.2.4 Discussion 
With a few exceptions, the Dabie Shan and YFTB samples yielded Late Cretaceous to Paleogene 
AFT ages indicating that burial by sediments and/or regional metamorphism and magmatism (e.g. 
Ratschbacher et al., 2000; Lapierre et al., 1997; Zheng, 1985) reheated the Dabie basement and 
YFTB cover down to at least the Jurassic stratigraphic level to ≥100°C. These ages demonstrate that 
AFT dating cannot provide information on the provenance of syn- and post-orogenic clastic 
sedimentary rocks of the YFTB and thus do not constrain the Triassic-Jurassic exhumation of the 
UHP rocks of the Dabie orogen. 
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Extensive Early Cretaceous plutonism, concentrated within and well-dated at 137 to 125 Ma in 
the Northern Orthogneiss Unit of northern Dabie, reheated the Dabie basement for the last time to 
>300°C (Ratschbacher et al., 2000). Cretaceous volcanism and plutonism, less well dated from 
~145-90 Ma, is widespread throughout eastern China (e.g. Zheng, 1985; Lapierre et al., 1997). 
Regional cooling after the magmatism and related metamorphism is well documented by 40Ar/39Ar 
cooling ages within Dabie and the southern YFTB (Ratschbacher et al., 2000). The AFT ages of 
intrusive rocks J32 and D287 extend the evidence for post-magmatic cooling to the eastern and 
northern foreland. Their T[t]-paths indicate rapid post-emplacement cooling to below ~100°C at 
~115 Ma following Early Cretaceous shallow emplacement, followed by residence in the total 
stability zone (Fig. 2.2.9, Plate 2.2.1). The AFT age of D516, the Lower Cretaceous sandstone from 
the northern Dabie foreland, implies the Dabie basement as its source area, with rapid cooling 
between 125 and 115 Ma in the source area, and subsequent rapid erosion, transport, and 
sedimentation. Together with the published 40Ar/39Ar ages (Hacker et al., 2000; Ratschbacher et al., 
2000) it emphasises the dominant role of Early Cretaceous exhumation in northern Dabie. However, 
although Cretaceous magmatism is widespread in eastern Asia, the scarcity of Early Cretaceous 
ages shows that AFT dating provides little information on the significance of the Cretaceous 
magmatism in Dabie and its foreland. 
Triassic and Jurassic sedimentary rocks of the eastern YFTB have AFT ages of ~110-90 Ma. 
Two interpretations may account for the mid-Cretaceous ages. Either the rocks were buried to ≥4 
km, i.e. below the apatite PAZ, or the tracks within the detrital grains were erased by reheating 
during the Early Cretaceous, e.g. due to the latest Jurassic-Early Cretaceous magmatism. In the 
latter case the thermal aureoles of the plutons must have heated the Middle Triassic to Late Jurassic 
rocks regionally to >100°C. Sample J66, a Middle Triassic sandstone, supports the burial 
interpretation. Its ~158 Ma age predates the regional ~145-120 Ma magmatism within Dabie and 
the YFTB (Ratschbacher et al., 2000). Burial may have been accomplished mostly by the syn-
orogenic unroofing of the Dabie Shan (Hacker et al., 2000), when coarse clastic rocks testify to high 
rates of deposition from the Middle Triassic through the late Jurassic. In contrast, latest Jurassic-
Early Cretaceous volcanic rocks and volcanoclastic rocks, indicate that regional doming and erosion 
accompanied the onset of magmatism in the YFTB. Thus the 110-90 Ma ages in the YFTB 
probably indicate continuous cooling from the Late Jurassic, and reaching the PAZ in the mid-
Cretaceous (cooling rates <1°C/Ma from J57). As samples J57, J59, and J78 occupy the 
southeastern limb of an open syncline, late Early Cretaceous folding (Fig. 2.2.4) likely contributed 
to their exhumation and cooling. 
Most AFT ages from Dabie range from 90-55 Ma, and all postdate the 110-90 Ma reheating and 
cooling event in eastern Dabie (Fig. 2.2.2) revealed by 40Ar/39Ar potassium-feldspar thermo-
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chronology (Ratschbacher et al., 2000). The reheating-cooling event may correspond to the 110-90 
Ma fault gouge dates from the northern Tan-Lu (W. Chen et al., 1989) and may be reflected by our 
new 40Ar/39Ar biotite and AFT ages from Zhangbaling (D580a; Tables 2.2.2, 2.2.3). AFT age 
contouring (Fig. 2.2.2) indicates the superposition of two cooling trends in Dabie and its forelands: 
(1) Isochrons of a mid-Cretaceous (~110-70 Ma) gradient strike NW, sub-parallel to the XMF and 
the southern boundary of Dabie, indicating differential exhumation of the Dabie basement against 
its northern and southern forelands mainly along the XMF. This trend can be combined with the 
coeval, albeit stronger thermal disturbance along the Tan-Lu established from potassium-feldspar 
thermochronology (Fig. 2.2.2 inset top left; Ratschbacher et al., 2000) and interpreted to reflect 
faulting along both the XMF and TLFZ during the mid-Cretaceous. (2) The ~70 Ma to ~40 Ma 
isochrons, the lowermost thermochronologic signal picked up by the AFT method, trend sub-
parallel to the Tan-Lu, indicating Late Cretaceous-Tertiary faulting concentrated along the TLFZ. 
We correlate the 100-70 Ma cooling trend with tectonic activity within NE-SW extension and NW-
SE shortening, the late Early Cretaceous stress field established in the structural-analysis section, 
and the 70-40 Ma cooling trend with activity within Late Cretaceous-Paleogene stress field 1 
((W)NW-(E)SE-extension) and place them into a regional tectonic setting in the following. 
In Dabie and its foreland, the 100-70 Ma cooling trend and the late Early Cretaceous stress field 
are marked by dextral (transtensive) XMF and (sinistral transtensive) TLFZ activity; initiation of 
this deformation is constrained to ≤127 Ma. In southeastern China, sinistral shear along the NNE-
striking Changle-Nanao shear zone (sub-parallel to the TLFZ) and related folding were active from 
~121 Ma (U/Pb zircon age of syn-tectonic granite; Tong and Tobisch, 1996) to 107 Ma (40Ar/39Ar 
biotite of syn-tectonic granite; Wang and Lu, 2000). 40Ar/39Ar biotite ages as young as 75 Ma are 
present in the Changle-Nanao shear zone, but their relations to faulting and folding are unclear 
(Tong and Tobisch, 1996). We place the Changle-Nanao shear zone and other faults sub-parallel to 
the Pacific margin in eastern Asia in the same kinematic group as the TLFZ of Dabie. In the 
Qinling, NW-SE shortening and coeval NE-SW extension coincided with deposition of Late 
Cretaceous red beds in pull-apart basins along WNW striking dextral strike-slip fault zones that are 
sub-parallel to the XMF (Ratschbacher et al., submitted). 40Ar/39Ar potassium-feldspar dating 
brackets Late Cretaceous faulting loosely between 101-63 Ma. In Tongbai-Hong’an, between the 
Qinling and Dabie, reactivation of a dextral NW-striking shear belt occurred at ~75 Ma  (40Ar/39Ar 
of pseudotachylite and biotite; Webb et al., 1999). South of Dabie, the Late Cretaceous basin (Fig. 
2.2.5) possibly was initiated as a pull-apart basin during right lateral strike-slip faulting. However, 
stratigraphy of basin fill is poorly constrained to Late Cretaceous-Eocene. We place the dextral fault 
zones along the Qinling-Dabie belt in the same kinematic group as the dextral XMF in Dabie. 
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Figure 2.2.9: Summary of tectono-sedimentary and thermal events in eastern China derived from regional 
geology, apatite fission-track dating (Φ-ages), 40Ar/39Ar biotite and potassium-feldspar ages. Potassium-
feldspar and biotite ages are from this study and Ratschbacher et al. (2000). Some samples seem to have 
escaped mid-Cretaceous reheating but this is likely an apparent effect, as no potassium-feldspar age data 
were available from these samples. 
 
 
In Dabie and its foreland, the 70-40 Ma cooling trend and Late Cretaceous-Paleogene stress field 
1 ((W)NW-(E)SE-extension) are marked by normal TLFZ activity. In the Qianshan basin of the 
eastern YFTB, the Late Cretaceous red beds of the Xunnan formation are not involved in the late 
Early Cretaceous open folding, but overlap them unconformably (Figs. 2.2.2, 2.2.4, 2.2.5). The 
Xunnan formation was deposited during the latest Cretaceous (~Campanian-Maastrichtian; R.G.S. 
Anhui 1975; 1987) and is thus younger than ~85 Ma. Thus the Late Cretaceous Qianshan basin red 
beds postdate late Early Cretaceous NW-SE contraction and mark the onset of normal faulting and 
basin formation along the southern Tan-Lu. 
Combining the thermochronologic, structural, and stratigraphic information suggests that the 
NE-SW extension and NW-SE shortening terminated, and the NW-SE extension (corresponding to 
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stress field 1) started, at 75 ± 10 Ma. A geodynamic scenario for the Cretaceous NW-SE-
transpression in eastern China between ~125-75 Ma likely involved the collision of the “West 
Philippine Block - South China Sea Landmass” (Faure et al., 1989; Lapierre et al., 1997) followed 
by Pacific back-arc extension (Ratschbacher et al., submitted). 
Several samples from Dabie yielded Eocene ages (~55-40 Ma). T[t]-path modeling, specifically 
designed to emphasize variations in cooling rate, indicates enhanced cooling at 45 ± 10 Ma (Figs. 
2.2.2, 2.2.9, Plate 2.2.1). This event is also identified in the sediments of the southern YFTB close 
to Dabie (Y126, Y158, Y118; Fig. 2.2.2, Plate 2.2.1). The ages are interpreted in terms of tectonic 
reactivation of the TLFZ rather than long-term cooling from mid-Cretaceous reheating; 
characteristically the youngest (i.e. Eocene) fission-track ages are just west of the Tan-Lu. 
Enhanced late Eocene cooling is corroborated by 30-40 Ma U/Th-He ages of apatite (Reiners et al., 
2001). During this deformation the eastern Dabie basement was further exhumed in the footwall of 
the TLFZ while coeval sedimentation occurred in the hanging wall Qianshan basin. The Paleocene-
Eocene red beds of the Qianshan basin east of Dabie dip 8-33° to the NW and reach up to 5 km 
thickness along the TLFZ (R.G.S. Anhui, 1987; 1975; Ratschbacher et al., 2000); they are mostly 
covered by Neogene and Quaternary sediments.  
Several other half-graben structures formed in the YFTB, e.g. the depression of the present-day 
Yangtze river (Fig. 2.2.5). The final exhumation of the basement domes, e.g. Lushan and Dongling 
in the YFTB, probably took place during the latest Cretaceous-Eocene and was accomplished by 
normal faulting concentrated SE of the domes, with coeval sedimentation of K2-E red beds in the 
hanging wall. AFT thermochronology was unable to pick up the thermal signal of the Eocene 
exhumation as the rocks have reached <4 km during Late Cretaceous. The Eocene ages also mark 
the TLFZ as the dominant Tertiary regional structure in Dabie and its foreland; exhumation was 
concentrated along the Tan-Lu fault  compared to the normal faults farther east in the YFTB. 
Paleocene to Eocene rift basin formation and sedimentation has been documented throughout 
eastern China (Fig. 2.2.1; e.g. Allen et al., 1997), where onshore Cenozoic basins cover an area of 
>500.000 km2. The onset of normal faulting in the Weihe graben is dated at ~52-45 Ma (Zhang et 
al., 1999). In the North Jiangsu basin (Fig. 2.2.1), normal faulting triggered deposition of up to 9 
km of Paleocene to Pliocene sediments (Zhou et al., 2000; Zhang et al. 1989). In the Bohai basin 
(Fig. 2.2.1) early syn-rift sediments were deposited at ~55 Ma during N(W)-S(E) dextral 
transtension (Allen et al., 1997). On one hand, rift-basin formation during the Mesozoic-Cenozoic 
in eastern China is generally attributed to intra-arc and/or back-arc rifting along the Pacific-
Eurasian plate margin (e.g. Chen and Dickinson, 1986). Northrup et al. (1995) suggested a dynamic 
link between Pacific-Eurasia convergence and extension along the Eurasian margin, by showing 
that the timing of extension along the east Eurasian plate boundary correlates with periods of 
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reduced convergence between the Pacific or Philippine plate and Eurasia. The convergence rate 
decreased during Early Tertiary and reached a minimum in the Eocene. Decreased convergence 
may have reduced plate coupling, which resulted in widespread extension along the eastern margin 
of Eurasia. On the other hand, Eocene NE-SW shortening across central Asia (e.g. Tibet, Tian Shan, 
Qilian Shan), and strike-slip and extensional faulting across northeastern Asia (e.g. Baikal rift, 
Shanxi rifts surrounding the Ordos block; Haiyuan, Kunlun, Gansu, and Qinling-Dabie strike-slip 
faults) is generally attributed to the India-Asia collision (e.g. Tapponnier and Molnar, 1977). 
Suturing along the Indus-Yarlong suture occurred at ~55 Ma (e.g. Searle et al. 1997, Makovsky et 
al. 1999), and Roger et al. (2000) suggested that intra-continental subduction in central Tibet started 
at ~50 Ma. A common argument against an impact of the India-Asia collision on extension in 
eastern China is the 1500-3000 km distance from the Indus-Yarlung suture (e.g. Allen et al., 1997; 
Northrup et al., 1995). However, it is also difficult to understand why the Weihe graben should have 
formed as a result of back-arc extension, as it is ~1500 km away from the active eastern Pacific 
margin (Fig. 2.2.1). Considering that no clear breaks in the orientation and the onset of extension in 
Cenozoic rifts in eastern Asia (e.g. Shanxi rifts and Qianshan basin) have been worked out yet, the 
early Cenozoic tectono-sedimentary evolution of eastern China may be best interpreted as result of 
the combined effects of Pacific subduction and the India-Asia collision. In this regard, we speculate 
that the 45 ± 10 Ma event in Dabie and the YFTB may provide the first age constraint on the 
initiation of far-field effects of the India-Asia collision on eastern China. As the stress fields in the 
Late Cretaceous and Paleogene seem to have had similar orientation (it may have rotated counter-
clockwise during late Paleogene, see stress fields 1 and 2) and the stratigraphic resolution in the K2-
E red beds is poor in the YFTB, we are currently not able to define distinct stress fields for the Late 
Cretaceous and the Eocene; our data suggest that during most of the latest Cretaceous-Paleogene the 
Tan-Lu was a normal fault and became sinistral transpressive at the end of this period (Fig. 2.2.3). 
Regional late Oligocene inversion associated with a regional unconformity (~25 Ma) at the base 
of Neogene strata is documented from the East China Sea, and the Jianghan, Hehuai, Jiangsu, 
Bohai, and Songliao basins (Wang et al., 2000; Liu et al., 2000; F. Chen et al., 1989; Hu et al., 
1989; Ma et al., 1989; Allen et al., 1997). Allen et al. (1997) documented inversion of the Bohai 
Basin edges by dextral transpression along its boundary faults. Stress field 3, the E-W shortening, 
portrays this inversion in Dabie and its foreland. The geodynamic cause of this regional inversion is 
poorly known. Allen et al. (1997) preferred an interpretation comprising a reorganization of oceanic 
plates along the Pacific margin due to collision of the Australian and the Philippine plates to mid-
Tertiary reorganization of the India-Asia collision zone. 
Neogene thermal subsidence in the rift basins was accompanied by only minor normal faulting 
lasting until today (e.g. Allen et al., 1997; Gilder et al., 1991). The Neogene stress field along the 
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Tan-Lu changed from early NE-SW to active (S)SE-(N)NW extension and the Tan-Lu thus changed 
from sinistral transtension via normal to present-day dextral transtension. 
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3 Synorogene Sedimente im Yangtze Vorland Falten- und Überschiebungsgürtel 
 
Kapitel 3 ist: “When did the UHP rocks reach the surface? A 207Pb/206Pb zircon, 40Ar/39Ar white mica, Si-in-phengite 
single grain study of Dabie Shan synorogenic foreland sediments” by Grimmer, J.C., L. Ratschbacher, M.O. 
McWilliams, L. Franz, I. Gaitzsch, M. Tichomirowa, B.R. Hacker, Y. Zhang (submitted to Chemical Geology, 2002). 
 
Abstract 
A single-grain study of principally Jurassic fluvio-lacustrine quartz arenites of the eastern and 
southern foreland of the ultrahigh pressure Hong’an-Dabie orogen illustrates the utility and 
sensitivity of three provenance analysis techniques. In the eastern foreland, 40Ar/39Ar detrital white 
micas indicate that the Middle Triassic stratigraphic level reached ~400°C at ~125 Ma, probably 
because of heating related to latest Jurassic-Early Cretaceous intrusions. By about 100 Ma this same 
level had cooled to ~100°C. Single grain 40Ar/39Ar ages are as young as the depositional age of their 
sedimentary hosts, have a Triassic-Jurassic maximum, which indicates a Hong’an-Dabie source, 
and some Paleozoic and Proterozoic ages that are mostly younger than 207Pb/206Pb detrital zircon 
ages. Si contents of detrital phengites range from 3.0-3.6 atoms pfu, with ~70% of the micas having 
<3.3 Si atoms pfu. The 3.3-3.6 Si atoms pfu grains probably originated from Hong’an-Dabie, 
indicating initial exposure of HP and even UHP rocks during the Middle Jurassic. Single-grain 
evaporation 207Pb/206Pb ages of detrital zircons in the foreland provide no indication that one of 
earth’s most spectacular unroofing processes was active in the adjacent orogen. Proterozoic and 
Silurian zircon ages are abundant, but only a few Triassic zircon ages, indicating a Hong’an-Dabie 
source, were measured. The Triassic signal is smallest because growth of metamorphic zircon is 
rare and is mostly limited to rim formation on pre-existing zircons, and because neither a magmatic 
arc nor syn- to post-collisional magmatism have been mapped in the Hong’an-Dabie orogen. 
Although the northern margin of the Yangtze craton was the dominant source area, detritus also 
originated from regions to the southeast, in particular the South China fold belt and the Cathaysia 
block. Based on the 207Pb/206Pb zircon ages, 40Ar/39Ar white mica ages and the Si-in-phengite 
analysis, the Hong’an-Dabie orogen provided as much as 80 % of the foreland detritus. The ages of 
the oldest micas suggest that exhumation of Hong’an-Dabie began at 240 ± 5 Ma. 
 
3.1 Introduction 
Ideally, foreland basins record the unroofing history of their associated hinterland. The foreland 
basins along the Qin-Tongbai-Hong’an-Dabie Mountains of eastern China should record the 
exhumation, cooling and erosion of the upper parts of the high pressure (HP) and ultrahigh pressure 
(UHP) terranes of the Hong’an-Dabie orogen (Figure 3.1). This orogen formed during northwest-
directed subduction and subsequent exhumation of the South China Block (SCB) from mantle 
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depths in Triassic-Jurassic times (Hacker et al., 2000). A typical foreland basin is adjacent to the 
hinterland, but Nie et al. (1994) and Zhou and Graham (1996) have suggested that detritus derived 
from the Hong’an-Dabie orogen was transported more than 1000 km to the west and deposited in 
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Figure 3.1: Geologic overview, modified from Ratschbacher et al. (submitted). Insets show principal units of 
the South and North China cratons (modified from Zhao et al., 2000) and histograms summarizing 
published zircon ages of different types (conventional U-Pb – concordant ages and lower and upper 
intercept ages, SHRIMP, and 207Pb/206Pb evaporation ages) from the South China Block (ABMGR, 1987; 
HBGMR, 1989; Kröner et al., 1993; Li et al., 1994; Li et al., 1989, Li, 1996; Ames et al., 1996; Xue et 
al., 1996a,b; Rowley et al., 1997; Xue et al., 1997; Jian et al., 1998; Hacker et al., 1998; 2000; Li, 1999; 
Li et al., 1999; Jian et al., 2000; Qiu et al., 2000; J. Wang et al., 2001; Tu et al., 2001; Chavagnac et al., 
2001; Z. Zhang et al., 2001; Chen et al., 2001) and the North China Block (Li et al., 1985; HBGMR, 
1989; Kröner et al., 1993; Lerch et al., 1995; Song et al., 1996; Yu et al., 1996; Y. Wang et al., 2001). 
Major tectonic events are given by their approximate age ranges (see text for details). 
 
 
Exhumation and cooling of the Hong’an-Dabie orogen were contemporaneous with Middle 
Triassic to Middle Jurassic siliciclastic deposition in the foreland and the formation of Triassic 
metamorphic core complexes/basement uplifts in the Yangtze foreland fold-and-thrust belt (YFTB; 
Figures 3.1, 3.2); these basement highs include the Hong’an-Dabie Shan (Hacker et al., 2000), 
Wudang Shan (Ratschbacher et al., in review), Lu Shan (Lin et al., 2000) Wugong Shan (Faure et 
al., 1996), Zhangbaling (Q. Zhang et al., 2001 and unpublished results) and Dongling (this paper). 
Any of these domes/uplifts may have provided detritus for the foreland basins. 
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The Triassic-Jurassic Hong’an-Dabie orogen and its eastern and southern forelands were 
structurally and thermally reactivated in Cretaceous to Cenozoic times (e.g., Schmid et al., 1999; 
Ratschbacher et al., 2000; Lin et al., 2000, 2001). Grimmer et al. (submitteda) used apatite fission 
track geochronology to determine the sedimentary provenance of the YFTB foreland basins east 
and south of Dabie (their study overlaps regionally with ours), but found that both the orogen and 
its forelands were reheated during the Cretaceous to Cenozoic. This reheating annealed most pre-
existing fission tracks, making provenance analysis using detrital apatites impossible. 
We analyzed Triassic-Jurassic synorogenic foreland sedimentary rocks south and east of Dabie 
using four single-grain techniques: classical point counting, laser probe 40Ar/39Ar geochronology of 
white mica, 207Pb/206Pb thermal evaporation geochronology of zircon, and determination of the Si 
content of phengite by electron microprobe analysis. Our goals were to (a) assess the utility and 
sensitivity of these techniques for determining provenance of the eastern and southern YFTB 
deposits, (b) determine the extent of thermal overprinting in the Triassic to Cenozoic foreland 
sedimentary rocks, (c) estimate the degree to which detritus from multiple sources was mixed 
within the basins, and (d) determine when the UHP rocks in Hong’an-Dabie Shan were first 
exposed. 
 
3.2 Chronology of basement rocks surrounding the Qinling-Hong’an-Dabie orogen 
3.2.1 North China Block 
The North China Block (NCB) is subdivided into western, eastern, and central blocks (Figure 
3.1; Zhao et al., 2000). The western and eastern blocks are Archean cratons linked by a suture belt 
formed during collision at ~1.8 Ga (Zhao et al., 2000). U/Pb zircon ages from the NCB cluster at 
~3.8, 3.3, 3.0, 2.5, and 1.7-1.8 Ga (Figure 3.1; Yu et al., 1996; Song et al., 1996; Zhao et al., 2000). 
During Paleozoic times, the southern NCB was an active margin. Characteristic U/Pb zircon ages 
are 470-490 and 390-410 Ma (Figure 3.1; Lerch et al., 1996; Ratschbacher et al., in review). 
 
3.2.2 South China Block 
The South China Block (SCB) is subdivided into a northern Yangtze Craton and a southern 
Cathaysia Block (Figure 3.1). The oldest rocks are 2.9 Ga trondjhemite gneisses exposed on the 
northwestern Yangtze craton (Ames et al., 1996; Qiu et al., 2000). Paragneisses associated with the 
trondjhemite basement yield 2.9-3.2 Ga detrital zircons that suggest the existence of early Archean 
crust. U-Pb zircon ages of ~2.5 Ga (Zhangbaling area of Yangtze and Cathaysia), 2.0-2.1 Ga 
(Yangtze), ~1.8 Ga (Cathaysia), and ~1.4 Ga (Cathaysia) indicate thermotectonic events (Figure 
3.1). The Yangtze-Cathaysia collision produced the 0.9-1.3 Ga Sibao orogeny, part of the 
worldwide Grenville event (Li et al., 2002). Large-scale Neoproterozoic rifting (0.7-0.8 Ga) within 
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the SCB began soon after Yangtze-Cathaysia amalgamation (Li et al., 1999). The ‘Caledonian’ 
South China fold belt within Cathaysia (SCFB; Figure 3.1) is characterized by 420-450 Ma folding 
and the intrusion of 400-440 Ma S-type granitoids (Li, 1998; Gilder et al., 1996; Chen and Jahn, 
1998). 
In the northern Yangtze Craton about 30 km southeast of Dabie, the Dongling dome constitutes 
the basement closest to but mostly unaffected by the Hong’an-Dabie orogeny (Figure 3.2). This 
northeast-trending dome is a 15 x 5 km antiform exposing quartzite, garnet-mica-schist, gneiss, 
amphibolite and granitoids. The dome plunges below Paleozoic cover to the northeast and is 
covered by Jurassic volcaniclastic rocks to the southwest. Because the Dongling dome is a proxy for 
Yangtze basement and a likely source for the eastern YFTB foreland basin detritus, we dated 
Dongling zircons and white micas (see the sections below on 207Pb/206Pb and 40Ar/39Ar dating for 
analytical details). Three zircons from a high-grade paragneiss (D567 in Tables 3.1, 3.2) yielded a 
207Pb/206Pb weighted mean age (WMA) of 2372 ± 10 Ma (MSWD = 8.9, individual ages range from 
2370 ± 2 Ma to 2377 ± 10 Ma). Another 2299 ± 3 Ma zircon may belong to this group, but may also 
have experienced Pb loss. Seven grains yielded a WMA of 2000 ± 9 Ma (MSWD = 49; individual 
ages range from 1971 ± 6 to 2016 ± 6 Ma), and two zircons yielded late Proterozoic ages of 692 ± 
10 and 783 ± 7 Ma. All zircons from this sample are corroded. A 40Ar/39Ar age of 124.8 ± 1.2 Ma 
from synkinematic white micas from the Dongling paragneiss records cooling related to Cretaceous 
tectonic denudation (Grimmer et al., submitteda). 
 
3.3 Synorogenic sedimentary rocks within the Yangtze foreland fold-thrust belt 
3.3.1 Stratigraphy, sediment composition, and deformation 
Depositional ages for our samples were assigned using Chinese maps (ABGMR, 1975; 1987). 
Figure 3.2 contains a composite stratigraphic section from the Yueshan area of the eastern YFTB, 
which summarizes the deposition of Middle Triassic to Middle Jurassic synorogenic foreland 
sedimentary rocks (ABGMR, 1974; Gaitzsch, 2001). Breitkreuz et al. (1994) presented the details 
of Lower to Middle Triassic deposition and demonstrated that unconformable deposition of Middle 
Triassic coarse carbonate breccias and Triassic-Jurassic siliciclastic sedimentary rocks marked the 
breakup of a pre-existing carbonate platform. Three major depositional sequences bounded by 
unconformities occur in the Middle Triassic to Middle Jurassic section (Figure 3.2). The basal upper 
Middle Triassic (T2) Tongtonjian Formation comprises ~1700 m of uniform, micaceous siltstones. 
The Early to Middle Jurassic (J1-2) Xianshan Group contains more than 1400 m of mica-rich 
siliciclastic rocks with coal intercalations. The Xianshan Group is divided into three fining-upward 
cycles, each starting with a basal conglomerate. Conglomerate lenses and channel structures 
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indicate deposition in a fluvio-lacustrine environment. Upper Jurassic (J3) volcanic and 
volcaniclastic rocks lie unconformably above the Lower-Middle Jurassic sediments. 
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Sst: sandstone; grw: greywacke; cgl: conglomerate; Pt: Proterozoic (~2500-600 Ma); T2: middle Triassic (~240-230 
Ma); J1-2xn1,2,3: Early-Middle Jurassic Xianshan Group 1,2,3 (~210-160 Ma); J1: Early Jurassic; J2: Middle Jurassic; E1: 
Paleocene (~65-55 Ma). Pb: 207Pb/206Pb single grain zircon dating; Ar: 40Ar/39Ar single grain white mica dating; EMP: 
microprobe analysis (white mica); PC: Point-counting; zr: zircon; mus: white mica; kfs: potassium-feldspar; sil: 
sillimanite; crd: cordierite. 
 
 
Our sample localities are shown in Figure 3.2. Quartz, white mica, and plagioclase occur in all 
samples. Biotite is rare to absent, and potassium feldspar is scarce except in samples Y126 and J55. 
All J1-2 samples contain rutile, epidote, zircon, and apatite. Hornblende occurs only locally in 
samples J72, Y126 and Y129. Secondary iron and copper ores are common in the sandstones and 
suggest regional hydrothermal fluid activity. Metallic copper and copper minerals occur from grain-
size (sample J64) to cm scale (samples Y124, Y129, Y134, Y136, J59, J64, J70, D569). Ore 
formation is probably related to Early Cretaceous magmatism dated at 137-120 Ma within Hong’an-
Dabie (Ratschbacher et al., 2000), when the major iron and copper deposits of the lower Yangtze 
river region formed (cf. Xu, 1990). 
Deposition of the Lower-Middle Jurassic siliciclastics occurred within an approximately north-
south transpressive stress field (Figure 3.2, localities J64 and D569 and Schmid et al., 1999). Syn-
depositional soft-sediment deformation, commonly layer-parallel shearing (Figure 3.2, stations J64, 
D569), is widespread in all Jurassic deposits. The entire sequence is gently folded with NE-trending 
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axes in the eastern YFTB (Figure 3.2; J64, D569) produced by 125-75 Ma transpression (Schmid et 
al., 1999). 
 
3.3.2 Point-counting analysis 
We analyzed the sedimentary provenance of ten thin sections of Jurassic sandstones from the 
southern and eastern YFTB by point counting (analytical procedures in Appendix 2). Tables 3.1 and 
3.2 and Figures 3.2 and 3.3 contain sample descriptions, locations and the point count data. All 
samples show various degrees of secondary clay, sericite, calcite, and quartz growth. Each sample 
was assigned to one of three groups based on composition (Figure 3.3). Group 1 samples contain 
almost no feldspar and few lithic volcanic fragments (J57, J64, J70, J224, D569, Y124, Y134). A 
Group 2 sample contains significant feldspar, but no volcanic fragments (J55). Two Group 3 
samples contain significant amounts of feldspar and volcanic fragments (J78, Y126). As an 
indicator of maturity, the QFL diagram distinguishes the majority of samples (Group 1 and Y126 of 
Group 3) from sample J55 (Group 2) and J78 (Group 3) that contain less stable minerals. Except for 
arkosic sample J55 that is suggestive of a stable craton source, all samples plot in the recycled 
orogen provenance. The distribution of sample compositions in the QmFLt diagram supports the 
interpretations deduced from the QFL plot. Including Qp in Lt rather than in Q demonstrates only a 
weak dependence of the overall composition from Qp (chert and microquartzite fragments). This is 
characteristic of mature samples and (excluding sample J55) indicates a recycled orogen affinity. 
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Figure 3.3: Point-counting data from Dabie foreland sedimentary rocks displayed as ternary diagrams (QFL, 
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In contrast to the QFL and QmFLt plots, the LmLvLs diagram assigns greater weight to the nature 
of lithic fragments and their implications for possible source areas. Groups 1 and 2 are virtually 
indistinguishable from each other due to the absence of feldspar and plot in fields suggestive of 
suture belts and rifted continental margins. The Group 3 samples plot in the field characteristic of 
mixed magmatic arc and rifted continental margin sources (Ingersoll and Suczek, 1979) because of 
their high volcanic lithic fragment contents and comparatively small amounts of Lm and Ls. In this 
group, sedimentary lithic fragments are dominant whereas metamorphic lithic fragments are rare 
(<3%). J78 and Y126 are the only samples that contain significant amounts of volcanic lithic 
fragments; these likely mark the onset of Late Jurassic volcanism. This suggestion is supported by 
the upper Middle Jurassic depositional age and the field observation that pyroclastics are intermixed 
with siliciclastics (sample J78). J55 is the only sample characterized by a pronounced 
quartzofeldspathic composition. 
In summary, the point counting data indicate that possible source areas ranged from stable craton 
(QFL), transitional continental block and recycled orogen provenance (QmFLt) to rifted continental 
margins or suture belts (LmLvLs). The scarcity of lithic fragments and the lack of metamorphic lithic 
fragments points to a stable environment, probably cratonic basement or recycling of orogenic 
material. 
 
3.3.3 Si-in-phengite microprobe analysis 
The compositions of 112 detrital white mica grains from seven samples of Triassic, Jurassic, and 
Tertiary sedimentary rocks were analyzed by electron microprobe (Table 3.1, Appendix 3, Figure 
3.4). 
Middle Triassic sample J65 produced a bimodal distribution of white mica Si contents, with 
exclusively low Si (low: < 3.3 Si atoms pfu; intermediate: 3.3-3.5 Si atoms pfu; high: > 3.5 Si 
atoms pfu). In contrast, mica grains from Jurassic samples D569 and Y124 range from low Si (n = 
55) to intermediate (n = 21) to high (n = 3). Jurassic samples Y129, J57 and J64 yielded exclusively 
low-Si phengites with unimodal and bimodal distributions, but one spot on a low-Si grain yielded a 
content of 3.42 Si atoms pfu (J64 - grain 7). Five samples (Y124, Y134, J70, J72, D569) contain 
intermediate to high Si phengites with unimodal (J72, Y134) and polymodal (J70, Y124, D569) 
distributions. In some intermediate-Si grains, spots with >3.5 Si atoms pfu were identified (Y134 - 
grain 9, Y124 - grain 5). The highest Si content of all analyzed spots was 3.64 Si atoms pfu (D569 - 
grain 1). The youngest sample, a Paleocene conglomeratic sandstone (J83, Figure 3.2), contains 
principally intermediate (83 %) to high (4 %) Si phengite. 
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Table 3.2:  Point-count data. Abbreviations are explained below. 
 
    eastern foreland     southern foreland 
Samples J55 J57 J224 D569 J64 J70 J78 Y124 Y126 Y134 
N (total point counts) 550 550 570 580 550 550 550 550 550 570 
Modal point counts (%)           
Q 68 59 76 81 78 75 52 86 80 95 
Qm 53 50 72 74 65 62 38 81 71 78 
Qp 15 9 4 7 13 13 13 5 9 17 
           
F 24 4 0 0 1 0 16 0 9 0 
P 20 4 0 0 1 0 15 0 9 0 
K 4 0 0 0 0 0 1 0 0 0 
           
L 2 32 12 6 13 19 25 10 8 3 
Lm 0 4 2 1 8 4 4 2 0 2 
Lv 0 0 0 0 0 0 21 1 7 0 
Ls 2 28 10 5 5 15 0 7 1 1 
Indetermined miscellaneous 
(mis) 6 6 12 13 8 6 7 4 3 1 
 
Modal point count data for triangular plots, recalculated without miscellaneous 
QFL (%)           
Q 73 63 86 93 85 80 55 90 83 97 
F 25 4 0 0 1 0 17 0 9 0 
L 2 33 14 7 14 20 28 10 8 3 
QmFLt (%)           
Qm 56 54 81 85 70 66 41 85 73 79 
F 25 4 0 0 1 0 17 0 9 0 
Lt 18 42 19 15 29 34 42 15 18 21 
LmLvLs (%)           
Lm 0 12 17 17 62 21 16 20 0 67 
Lv 0 0 0 0 0 0 84 10 88 0 
Ls 100 88 83 83 38 79 0 70 12 33 
 
Grain Parameters (modified from Ingersoll and Suczek, 1979) 
 
Q = Qm + Qp Q = total quartzose grains 
 Qm = monocrystalline quartz 
 Qp = polycrystalline aphanitic quartz grains 
   
F = P + K F = total feldspar grains 
 P = plagioclase feldspar grains 
 K = potassium feldspar grains 
   
Lt = L + Qp Lt = total aphanitic lithic grains 
 L = unstable aphanitic lithic grains 
   
L = Lm + Lv + Ls Lm = metamorphic aphanitic lithic grains 
 Lv = volcanic-hypabyssal aphanitic lithic grains 
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In summary, the Triassic rocks contain no high-Si phengites, the Jurassic rocks contain minor 
amounts of intermediate- and high-Si phengites, and the Tertiary rocks contain dominantly 
intermediate- and high-Si phengites. 
 
 
Southern Yangtze foreland fold-thrust belt
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J72 - grain 13
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Figure 3.4: Si-in-phengite content of white micas from the eastern and southern Dabie foreland displayed as 




3.3.4 40Ar/39Ar single grain white-mica ages 
One hundred and fifty six grains of detrital white mica from samples D569, J46, J64, J65, J83, 
Y129 and Y136 and four grains of detrital potassium feldspar from sample Y126 were dated by the 
40Ar/39Ar laser technique (Table 3.1, Appendix 4, Figures 3.5 and 3.6). The data are presented as 
age-probability spectra (ideograms; e.g., Deino and Potts, 1992; Stewart et al., 2001) to illustrate 
age uncertainties. A complete listing of the 40Ar/39Ar data is available in the Appendix 4. 
40Ar/39Ar single-grain laser-fusion ages can be affected by excess 40Ar distributed either 
homogenously or inhomogenously within an individual grain (Scaillet, 1998). Progressively 
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degassing a grain in multiple steps helps identify inhomogenously distributed excess 40Ar; Figure 
3.5 shows that inhomogenously distributed excess 40Ar is unlikely in the grains we analyzed. 
Homogenously distributed excess 40Ar at the grain scale is difficult to rule out with confidence, but, 
when several detrital grains within a single sample (inter-grain correlation; Figure 3.5) give the 
same age, the probability of excess 40Ar is low. 
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samples: J83, D569, J64
 
 
Figure 3.5: Step-heating intragrain and intergrain comparisons of detrital white micas from the southern and 
eastern foreland of the Dabie Shan. Upper panel: an intragrain correlation plot showing the apparent ages 
of two heating steps of the same grain plotted against each other. Central panel: an intragrain correlation 
showing three to six heating steps from the same grain, plotted as consecutive release steps. The 
reproducibility of the ages within each set of heating experiments suggests that inhomogenously 
distributed excess 40Ar is probably not present in these analyzed grains. Lower panel: an inter-grain 
correlation showing coherent age groups of several step-heated micas in the same sample indicate that 
inhomogenously distributed excess 40Ar is unlikely in the detrital grains analyzed. 
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Upper Middle Triassic fine-grained sandstone J46 yielded a polymodal age distribution. The two 
youngest and smallest grains from this sample gave identical ages of about 120 Ma, suggestive of 
thermal resetting, in agreement with an apatite fission-track age of 102 ± 4 Ma from the same 
sample (Grimmer et al., submitteda). It is not clear if the other grains from this sample, whose ages 
range from Jurassic to late Proterozoic, were also partially reset. Sample J65, a second Middle 
Triassic fine-grained sandstone was also reset, and cooled below ~400°C at about 130 Ma. 
Similarly, the potassium feldspars of sample Y126 were, with the exception of one grain dated at 
about 170 Ma, reset and cooled below ~200°C at about 105 Ma. The apatite fission-track age of 65 
± 2 Ma from the same sample (Grimmer et al., submitteda) suggests a cooling rate of 2.5°C/Ma 
during the Late Cretaceous. 
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Figure 3.6: 40Ar/39Ar single grain dating results from white micas from the eastern and southern foreland, 
displayed as cumulative probability plots. Light gray bars mark the assigned depositional age range. T2: 
Middle Triassic; J1-2: Early-Middle Jurassic; J22: late Middle Jurassic; E1: Paleocene. Histogram in the 
lower right summarizes reliable white mica ages from Hong’an-Dabie (data from Okay et al., 1993; Eide 
et al., 1994; Hacker and Wang, 1995; Webb et al., 1999; Hacker et al., 2000; Chavagnac et al., 2001). 
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The Jurassic samples D569, Y129 and Y136 yielded a Triassic-Jurassic mode with a few older 
peaks in the age spectrum. Jurassic sample J64, sampled close to and depicting the same age 
components as D569, records a Late Devonian mode and Silurian, Triassic-Jurassic and late 
Proterozoic peaks. These Jurassic samples contain grains as young as their assigned depositional 
age. The three youngest grains from samples J64, D569, Y129, Y136 are 188 ± 5, 192 ± 3, 184 ± 3, 
and 187 ± 2 Ma, respectively; the WMA of the three youngest grains in all, non-reheated Jurassic 
samples is 188 ± 2 Ma (uppermost Early Jurassic). These youngest grains provide a maximum 
depositional age for the Jurassic sedimentary units and, taking a time span for erosion and transport 
into account, suggest that a Middle Jurassic (J2) rather than an Early to Middle Jurassic (J1-2) 
depositional age should be assigned to all our Jurassic samples. Micas from sample J83, a 
Paleocene red-bed conglomeratic sandstone, yielded age distributions comparable to those of the 
Jurassic samples D569, Y136, and Y129: a Triassic-Jurassic mode and a Devonian submode. 
In summary, the 40Ar/39Ar detrital white micas contain Triassic-Jurassic, Devonian, 
Neoproterozoic, and Mesoproterozoic age components. In the eastern YFTB, Middle Triassic and 
deeper stratigraphic levels were heated to more than 400°C. 
 
3.3.5 207Pb/206Pb single grain zircon ages 
We obtained 47 207Pb/206Pb single-zircon evaporation ages from basement and foreland samples 
(Table 3.1, Appendix 5, Table 3.3, Figure 3.7). Zircons with 206Pb/204Pb < 1000 were not considered 
for geological interpretation because they probably contain inclusions and may yield geologically 
meaningless ages after common Pb correction. Only the Dongling basement (see section 3.1) and 
the Jurassic sedimentary rocks contained zircons suitable for dating. Detrital zircons are difficult to 
discriminate by visible properties such as optical microscopy and SEM, because sedimentary 
transport processes often blur their original morphology. Most of the zircons we analyzed were 
pink, but a few were colourless or red. A mixture of well-rounded, fragmented, poorly rounded, and 
euhedral zircons are present within the Jurassic sedimentary rocks. 
No Archean zircons were found, but every sedimentary sample yielded at least one Proterozoic 
zircon. One multifaceted detrital zircon (sample Y124 - grain 23) has a well-constrained age of 
2358 ± 5 Ma. The next oldest age is slightly younger (2.26 Ga). Most zircons fall within a broad 
maximum from ~2.06 to ~1.70 Ga. Within this cluster three zircons (from samples Y134 and D569) 
yielded almost identical ages with a WMA of 1794 ± 1 Ma (MSWD = 0.23). Only one zircon age 
(1393 ± 7 Ma, sample D569) bridges the gap between this Paleoproterozoic cluster and the 
Neoproterozoic, for which we obtained 3 ages ranging from 690 to 800 Ma (samples D569, J59). 
Phanerozoic zircons can be subdivided into Silurian and Permo-Triassic ages. Four zircons from 
two samples (D569, Y134) yielded a WMA of 430 ± 7 Ma (MSWD = 2.9). One Permian (sample 
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Table 3.3:  207Pb/206Pb isotope data of single zircons. 
 
Sample - zircon # 
 
J59 - zircon 1 
J59 - zircon 3 
J64 - zircon 1 
J64 - zircon 9 
D567 - zircon 1 
D567 - zircon 5 
D567 - zircon 9 
D567 - zircon 10 
D567 - zircon 11 
D567 - zircon 13 
D567 - zircon 14 
D567 - zircon 16 
D567 - zircon 19 
D567 - zircon 21 
D567 - zircon 23 
D567 - zircon 28 
D567 - zircon 32 
D567 - zircon 35 
D569 - zircon 1 
D569 - zircon 3 
D569 - zircon 4 
D569 - zircon 5 
D569 - zircon 6 
D569 - zircon 7 
D569 - zircon 8 
D569 - zircon 9 
D569 - zircon 10 
D569 - zircon 11 
D569 - zircon 13 
D569 - zircon 14 
D569 - zircon 15 
D569 - zircon 17 
D569 - zircon 19 
D569 - zircon 20 
D569 - zircon 23 
Y124 - zircon 23 
Y129 - zircon 3 
Y129 - zircon 5 
Y134 - zircon 2 
Y134 - zircon 3 
Y134 - zircon 4 1st step 
Y134 - zircon 4 2nd step 
Y134 - zircon 6 
Y134 - zircon 9 
Y134 - zircon 11 
Y134 - zircon 21 
Y134 - zircon 26 
Y134 - zircon 50 
# scans 
 
   90 
   90 
   90 
   82 
   90 
   90 
   90 
   90 
   36 
   90 
   90 
   90 
   20 
   90 
   90 
   72 
   90 
   90 
   90 
   90 
   90 
   63 
   90 
   90 
   90 
   90 
   90 
   90 
   90 
   90 
   90 
   36 
   90 
   90 
   16 
   90 
   90 
   45 
   90 
   90 
   45 
   54 
   90 
   90 
   90 
   90 
     7 
   90 
207Pb/206Pb 
 
  0.054145 
  0.062892 
  0.056738 
  0.075007 
  0.147730 
  0.153520 
  0.126030 
  0.062992 
  0.121890 
  0.124280 
  0.068558 
  0.122710 
  0.099849 
  0.120980 
  0.123780 
  0.152600 
  0.152210 
  0.122480 
  0.113730 
  0.127260 
  0.123590 
  0.059088 
  0.065137 
  0.109990 
  0.111050 
  0.115470 
  0.088773 
  0.113060 
  0.057690 
  0.116030 
  0.117160 
  0.114010 
  0.106490 
  0.108990 
  0.066205 
  0.154810 
  0.121950 
  0.142860 
  0.058039 
  0.082692 
  0.083431 
  0.057561 
  0.058451 
  0.116300 
  0.131830 
  0.064684 
  0.119080 





















































    0.050674 
    0.062580 
    0.051940 
    0.060694 
    0.145950 
    0.152700 
    0.123700 
    0.062555 
    0.121660 
    0.124150 
    0.065290 
    0.122660 
    0.080484 
    0.121020 
    0.122950 
    0.152780 
    0.152140 
    0.122220 
    0.112310 
    0.127340 
    0.123440 
    0.055566 
    0.062773 
    0.109670 
    0.111440 
    0.114730 
    0.088525 
    0.113230 
    0.055409 
    0.109990 
    0.116400 
    0.114110 
    0.104680 
    0.105660 
    0.066000 
    0.151150 
    0.118960 
    0.142680 
    0.055367 
    0.053630 
    0.050868 
    0.051863 
    0.055595 
    0.109720 
    0.125630 
    0.050482 
    0.011756 
    0.119300 
207Pb/206Pb age [Ma] 
 
226 ± 10 
693 ± 3 
282 ± 5 
628 ± 4 
2299 ± 3 
2376 ± 2 
2010 ± 2 
692 ± 10 
1980 ± 20 
2016 ± 6 
783 ± 7 
1995 ± 2 
1208 ± 35 
1971 ± 6 
1999 ± 2 
2377 ± 10 
2370 ± 2 
1988 ± 11 
1837 ± 6 
2061 ± 4 
2006 ± 3 
435 ± 16 
700 ± 7 
1793 ± 5 
1823 ± 23 
1875 ± 5 
1393 ± 7 
1851 ± 3 
428 ± 8 
1799 ± 16 
1901 ± 5 
1865 ±16 
1708 ± 4 
1725 ± 12 
806 ± 38 
2358 ± 5 
1940 ± 2 
2259 ± 4 
427 ± 4 
355 ± 11 
234 ± 35 
279 ± 21 
436 ± 5 
1794 ± 1 
2037 ± 4 
217 ± 4 
1919 ± 21 
1945 ± 3 
 
Zircons with high common lead contents (204Pb/206Pb>0.01) are italicized; they are not considered for  
geologic interpretation and Figure 3.7. 
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J64, grain 1) and two Triassic (sample J59, grain 1; Y134, grain 21) zircons comprise the second 
Phanerozoic age group. One zircon evaporated in two steps (sample Y134, grain 4) yielded ages 
that overlap within error (Table 3.3). The age of the first step is suspect because of its high common 
lead content. This grain might be a Permian zircon with a Triassic rim; its older 279 ± 21 Ma age is 
indistinguishable from the 282 ± 5 Ma age of grain 1 of sample J64. The 217 ± 4 Ma zircon from 
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Figure 3.7: 207Pb/206Pb evaporation zircon age data from Dongling and the Jurassic sedimentary rocks of the 
Dabie foreland displayed as probability plots.  
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Y134 (grain 21) contained abundant common lead (Table 3.3), which decreased together with the 
uncorrected 207Pb/206Pb ratio during the course of the analysis (90 scans); the corrected 207Pb/206Pb 
ratio remained constant. The 226 ± 10 Ma zircon (sample J59 - grain 1) shows a constant 
204Pb/206Pb ratio throughout the analysis, but a decrease of the 207Pb/206Pb ratio from ~0.0515 to 
~0.0500, i.e. from latest Permian to Late Triassic. The WMA of these two Triassic zircons is 218 ± 
4 Ma (MSWD = 2.6). 
In summary, the 207Pb/206Pb single zircons contain Permian-Triassic, Silurian, and mostly 
Proterozoic age components. 
 
3.4 Discussion 
3.4.1 Thermal overprinting, sensitivity and suitability of geochronologic techniques to 
provenance analysis of the Triassic-Jurassic foreland sedimentary rocks 
Geochronology presented here, in Ratschbacher et al. (2000) and in Grimmer et al. (submitteda) 
constrains the intensity and regional distribution of Cretaceous reheating of the synorogenic 
foreland sedimentary rocks. In the eastern YFTB, the nearly complete resetting of detrital white 
micas indicates that temperatures of ~400°C were reached between 120-130 Ma at the depth of the 
fine-grained upper Middle Triassic sandstones; the upper Middle Triassic to Lower Jurassic 
stratigraphic levels had cooled to ~100°C by about 100 Ma. This is similar to the Dongling 
basement, where a paragneiss (see above) had cooled to ~400°C by about 125 Ma. In the southern 
YFTB, the basement plutons were at ~300° by about 140 Ma. The Middle Jurassic stratigraphic 
level had reached ~200°C by 105 Ma and ~100°C by 65 Ma. Two interpretations might explain the 
widespread reheating: either the upper Middle Triassic-Lower Jurassic strata were buried more than 
10 km during the Early Cretaceous, or the rocks were heated by latest Jurassic-Early Cretaceous 
plutons. 
The Jurassic to Cretaceous strata east of Dabie may be locally 10 km thick (ABGMR, 1975; 
1987), suggesting that low-grade burial metamorphism may have affected the Triassic section. A 
158 ± 14 Ma apatite fission-track age from Middle Triassic sandstone of the eastern foreland 
(Grimmer et al., submitteda) indicates regionally variable temperatures at the Triassic stratigraphic 
level and is consistent with the diagenetic nature of the foreland sedimentary rocks. This age 
predates the regional 145-120 Ma magmatism within Dabie and the YFTB (Ratschbacher et al., 
2000) and indicates that burial may have been accomplished mostly during the deposition of the 
Middle Triassic through Middle Jurassic coarse clastic rocks. Their 3-5 km thickness (Figure 3.2) 
implies temperatures of ~100°C at the mid-Triassic level assuming a normal thermal gradient. 
Widespread higher temperatures seem less likely to have been caused by burial, and thus the 
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widespread thermal event within the foreland sedimentary rocks is probably due to advective 
heating by major intrusions. 
 
 






















Figure 3.8: Comparison of apatite fission track ages (Grimmer et al., submitted), white mica 40Ar/39Ar, and 
zircon 207Pb/206Pb dating of detrital grains from Middle Triassic to Upper Jurassic eastern and southern 
foreland sedimentary rocks of the foreland of the Dabie Shan. Apatite fission track ages are completely 
reset, 40Ar/39Ar studies on detrital micas provide reliable provenience information at least down to the 
Triassic level. Detrital zircons data do not reflect exhumation of the ultrahigh-pressure Hong’an-Dabie 
orogen, as growth of metamorphic zircons is relatively rare and a magmatic arc and syn- to post-
collisional magmatism have not been mapped in Hong’an-Dabie. 
 
 
Our study and that of Grimmer et al. (submitteda) demonstrate that the zircon, sphene, and 
apatite fission-track geochronometers with closure temperatures of 250-100°C  are unreliable for 
regional provenance studies in the synorogenic foreland sediments of the eastern and southern 
YFTB (Figure 3.8). The zircon and sphene chronometers might be reliable provenance indicators in 
the foreland north of the Hong’an-Dabie orogen where Cretaceous plutons are rare - at least in 
surface exposures. In contrast, the 40Ar/39Ar ages from detrital micas provide reliable provenance 
information down to at least the Triassic level in the eastern and southern foreland belts. 
Comparing the single-grain 40Ar/39Ar white mica and 207Pb/206Pb zircon ages yields a striking 
observation - from the detrital zircons alone, one would not infer that one of earth’s most 
spectacular unroofing events, involving the exhumation of crustal rocks from mantle depths, was 
active only a few tens of kilometers away from the studied foreland deposits. We attribute this to 
the observation that within the Hong’an Dabie orogen, the growth of metamorphic zircon was rare 
and was mostly limited to the growth of thin rims on pre-existing grains and that neither a magmatic 
arc nor syn- to post-collisional magmatism have been mapped. The subduction-zone thermal 
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gradient of ~5-10° km-1 during collision and exhumation of the HP and UHP crust to mid-crustal 
depths (Liou et al. 2000; Ratschbacher et al., 2000) obviously kept the orogen beneath the 
temperature for widespread zircon growth. We do not attribute the absence of a strong Hong’an-
Dabie signal in the detrital zircon pattern to any specific climatic or catchment geometry effect 
because the detrital white micas clearly carry the Hong’an-Dabie orogen signal. 
 
3.4.2 Evolution of the South China Block 
Integrating published ages with our new ages from the Dongling dome and the foreland 
sedimentary rocks produces a better understanding of the Proterozoic evolution of the Yangtze 
Craton. The 2.3-2.4 Ga zircons found in the Dongling paragneiss and in the Jurassic sedimentary 
rocks of the southern YFTB are not known from the NCB and SCB. These zircons may mark a 
previously unrecognized high-temperature event in the SCB, they may be detrital (together with 
other zircons from the Dongling paragneiss) and derived from an already eroded Paleoproterozoic 
basement, or they may represent partial Pb loss from the ~2.5 Ga event in either the NCB or SCB 
(Figure 3.1). U/Pb zircon crystallization ages in the 2.1-2.0 Ga range are distinctly of SCB affinity 
and have been reported from the Dabie and Kongling areas (Rowley et al., 1997; Qiu et al., 2000). 
Our 2.1-1.7 Ga detrital zircons are discordant, and the discordance may originate from this mid 
Paleoproterozoic event (Figures 3.1, 3.6), which is also manifested by the new ~2.0 Ga ages from 
the Dongling basement. 
A distinct 2.0-2.1 Ga belt might have existed along the northern Yangtze Craton from the 
Qinling (Ratschbacher et al., in review) through Dabie into Korea, where ~2.0 Ga zircon ages have 
also been reported (Turek and Kim, 1996). Sinian rifting affected the entire SCB and likely began at 
830-820 Ma (Li et al., 1999). Successful rifting along the (present) northern Yangtze margin is 
marked by Neoproterozoic bimodal volcanics (800-650 Ma U-Pb zircon ages) and mafic dikes from 
central Korea to west-central China (Lee et al., 1998; Rowley et al., 1997; Ames et al., 1996; Gao et 
al., 1990). Two zircons from the Dongling dome, five of our detrital zircons (810-690 Ma), and 
three ~600 Ma detrital white mica ages record this rifting event within the Dabie foreland 
sedimentary rocks. 
 
3.4.3 Source areas 
The Early to Middle Jurassic detrital white mica ages from the foreland sedimentary rocks 
indicate that the Hong’an-Dabie orogen was the dominant source area for the foreland detritus, 
because no other region in eastern China could have provided white micas of this age. Almost all of 
our Triassic-Jurassic detrital white mica ages lie between 230-200 Ma, the major period of cooling 
though ~400°C in Dabie (Hacker et al., 1998; 2000). Although Permian to Triassic mica ages have 
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been reported from the YFTB (poorly dated Permo-Triassic intrusions, e.g., Chen and Jahn, 1998; 
Gilder et al., 1996), Dabie was likely also the source of the Triassic grains. 
Pre-Triassic white mica and Paleozoic zircon ages indicate a source external to the Hong’an-
Dabie orogen. Ordovician-Silurian inversion of the failed Neoproterozoic rift between Yangtze and 
Cathaysia may have formed the SCFB (Figure 3.1), accompanied by Silurian magmatism (Figure 
3.1; Li, 1998). In particular, our ~430 Ma detrital zircon ages match the Silurian intrusion ages 
(400-440 Ma; e.g., Chen and Jahn, 1998). Our 390 to 310 Ma detrital mica ages may reflect cooling 
following this event, although Carboniferous white mica ages have rarely been reported from the 
SCFB (Charvet et al., 1999). Silurian-Devonian sedimentary rocks interpretable as SCFB foreland 
basin deposits stretch into the Dabie foreland (Li, 1998). Thus, reworking of these Silurian-
Devonian foreland sedimentary rocks and erosion of intrusive and metamorphic rocks from the 
SCFB most likely provided the majority of the Paleozoic detrital grains for the Jurassic Dabie 
foreland sedimentary rocks. The 0.7-0.8 Ga detrital zircons probably originated from Dabie, where 
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Figure 3.9: Possible source areas for foreland detritus. Based on the zircon ages, white mica ages and the Si-
in-phengite analysis, the principal source area was the Hong’an-Dabie orogen, which provided ~50-80 % 
to the foreland sediments; areas south(east) of the foreland provided the remainder. 
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In contrast to the abundant Triassic-Jurassic white micas (~66% of the total40Ar/39Ar ages), 0.7-
0.8 Ga Neoproterozoic zircons are scarce (~9%) within the foreland sediments. A larger fraction of 
Neoproterozoic zircons would be expected if the Dabie orogen was a major source. Even highly 
discordant zircons may retain their original 207Pb/206Pb signature (e.g., Söderlund, 1996; Karabinos, 
1997; Kröner and Willner, 1998), and thus the lack of 0.7-0.8 Ga zircons may result from 
incomplete resetting of older zircons by Neoproterozoic thermotectonic activity, as suggested by 
our ‘discordant suite’ (Figure 3.7). The preponderance of 2.0-2.1 Ga zircons over 0.7-0.8 Ga zircons 
in the local source area, as observed in Dongling, may be a second reason. Outside the Hong’an-
Dabie orogen, the SCFB and Cathaysia seemed to have been an important source area. Charvet et 
al. (1996) related 1.5-1.4 Ga ages to a poorly constrained mid-Proterozoic collision in Jiangnan 
(Figures 3.1, 3.9). The two detrital white mica ages of about 1.47 Ga and one 1.4 Ma detrital zircon 
age may fit into this period. In particular, our 1.8 Ga and the 1.4 Ga detrital zircons suggest a 
Cathaysian provenance (Li et al., 2002). 
Reworking of older sediments may explain the dominance of highly mature quartz arenites, the 
presence of sedimentary lithic clasts and well-rounded zircons in the Dabie foreland. Possible 
source strata are Sinian and Silurian-Devonian. Preferred removal of less stable minerals due to a 
change in erosion/weathering behavior might be another mechanism. A climatic change is 
suggested by a change in the sedimentation in eastern China, where Upper Triassic evaporites and 
red-purple sabkha deposits were replaced by Jurassic ochre and gray-green fluvio-lacustrine 
siliciclastics. Redbed deposition and evaporite precipitation resumed during the latest Jurassic-Early 
Cretaceous and lasted until the early Cenozoic. A similar climate change was documented in basins 
in western China. There, Triassic deposits record relatively arid climate, which was replaced by 
more humid conditions during the latest Triassic and Jurassic, when lacustrine deposits prevailed. 
Arid climatic conditions were established again in the Late Jurassic (Hendrix et al., 1992). 
Based on the white mica ages and the Si-in-phengite analyses, the dominant source area was the 
Hong’an-Dabie orogen, which provided an estimated 50-80 % of the foreland sediment. Areas 
south and east of the foreland probably provided the remainder (Figure 3.9). 
 
3.4.4 Implications for unroofing of the HP-UHP Hong’an-Dabie orogen 
During prograde metamorphism, phengites show a quasi-linear increase in Si with increasing 
pressure and a moderate decrease in Si with increasing temperatures (Massonne and Szpurka,1997). 
Although about 80% of white micas from granitic rocks have Si contents below 3.23 atoms pfu, 
some, particularly those crystallized from Al-poor pegmatitic melts, are high Si phengites with up to 
3.53 Si atoms pfu (Zane and Rizzo, 1999). A major argument against the presence of pegmatitic 
high-Si phengites in our detrital grain selection stems from the intra-grain spot analysis, which 
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indicates that at least some of the micas have retrograde zoning (Figure 3.4). Apart from Hong’an-
Dabie, high-pressure source rocks are known from the ~950 Ma Jiangnan blueschists (Charvet et 
al., 1996). As neither ~950 Ma white micas nor zircons were identified in the Dabie foreland 
sediments, intermediate- and high-Si phengites are likely to have been derived exclusively from the 
Hong’an-Dabie orogen. There, the UHP units contain phengites with 3.45-3.70 Si atoms pfu 
(Hacker et al., 2000; Schmid et al., 2000) and the HP units have phengites with 3.35-3.45 Si atoms 
pfu (Hacker et al., 2000, Franz et al., 2001). Hacker et al. (2000) demonstrated that the Si content of 
Dabie white micas decreases roughly with their ages from 3.48-3.30 Si atoms pfu (230-220 Ma 
micas) to 3.35-3.10 Si atoms pfu (210-180 Ma micas), but strongly retrogressed phengites also 
occur within HP-UHP rocks. Thus, even the low-Si phengites may have been derived from Dabie. 
In particular, the upper crustal Foziling and Luzhenguang units of northern Dabie contain Triassic 
low-Si phengites (Hacker et al., 1998; 2000). A pre-Cretaceous restoration places these units on top 
of the HP/UHP rocks (Hacker et al., 1998) and as a result, these units were likely the first to be 
eroded during unroofing. The abundance of low-Si phengites in most of our foreland samples (J57, 
J64, J70, D569, Y129) demonstrates that mostly upper crustal material was eroded during the 
Jurassic. A contribution from retrogressed crustal material is suggested by the zoning measured in 
some micas (e.g., sample J64 - grain 7, Figure 3.4). Locally abundant intermediate- to high-Si 
phengites (J72, Y124, Y134 and the Paleocene sample J83, which shows a similar distribution) 
point to exposed HP and maybe UHP rocks in the source area. 
The lack of Triassic zircons might be explained by methodological and statistical issues, as 
discussed in Appendix 5, or simply to limited Triassic zircon growth in the source area. Concordant 
Triassic zircons from the Hong’an-Dabie orogen are rare. Ames et al. (1996) reported a few nearly 
concordant Triassic zircons from Dabie, but the majority are discordant or are characterized by 
Proterozoic cores with Triassic rims (Hacker et al., 1998). The Permian 207Pb/206Pb ages might 
therefore represent discordant zircons that originated from Hong’an-Dabie. Less likely, they might 
have originated from the Permo-Triassic intrusions in southeast China (e.g., Chen and Jahn, 1998; 
Gilder et al., 1996). The few high-Si phengites, those retrogressed from high-Si phengites, and the 
two Triassic zircons may be evidence that the first exposure of the UHP rocks occurred in the 
Middle Jurassic (190-160 Ma). 40Ar/39Ar potassium-feldspar diffusion domain modeling (Hacker et 
al. 2000) indicates that the presently exposed HP-UHP rocks had already cooled below 200°C in the 
Middle Jurassic and were therefore already at shallow crustal levels during the Middle Jurassic, 
probably providing limited surface exposure.  
The detrital white micas may also date the initiation of exhumation and thus provide an age limit 
for the peak of HP and UHP metamorphism in Hong’an-Dabie. Presumably the oldest micas stem 
from the tectonostratigraphically highest units and were the first to cool during tectonic denudation 
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(Hacker et al., 2000). Accordingly, exhumation would have begun at 240 ± 5 Ma, estimated by 
averaging the three oldest Triassic ages from each of our detrital mica samples not affected by 
Cretaceous reheating. This age estimate agrees with SHRIMP U/Pb ages obtained from inner 
metamorphic growth rims on zircons from the HP and UHP units of Hong’an-Dabie that 
approximate peak pressure conditions during Triassic metamorphism (Hacker et al., 1998).  
 
3.5 Conclusions 
A study of Triassic, Jurassic, and Paleocene synorogenic foreland sedimentary rocks south and 
east of the Hong’an-Dabie orogen using point-counting, single grain 40Ar/39Ar white mica and 
207Pb/206Pb zircon dating, and Si-in-phengite detrital white mica microprobe analysis provided first-
order information on the utility and sensitivity of these techniques in regional provenance analysis, 
degree of thermal overprint, source areas, and time of initial surface exposure of the ultrahigh 
pressure rocks in the Hong’an-Dabie Shan. 
1. In the eastern Dabie foreland Middle Triassic sandstones were heated to ~400°C during the 
Early Cretaceous. These temperatures, exceeding those likely to have been caused by burial, are due 
to advective heating around intrusions. Our study and that of Grimmer et al. (submitteda) 
demonstrate that the zircon, sphene and apatite fission-track geochronometers are unreliable for 
regional provenance studies. 40Ar/39Ar detrital white mica ages provide reliable provenance 
information in Jurassic and younger rocks. 
2. From 207Pb/206Pb zircon ages alone, one would not infer that one of earth’s most spectacular 
unroofing events had been active a few tens of kilometers from the studied foreland deposits. This 
is attributed to the observation that within the Hong’an-Dabie orogen, growth of metamorphic 
zircon is rare and is mostly limited to rim formation on pre-existing grains. 
3. Single grain 40Ar/39Ar ages are as young as the depositional age of their sedimentary hosts, 
have a Triassic-Jurassic maximum, which indicates a Hong’an-Dabie source, and some Paleozoic 
and Proterozoic ages that are mostly younger than 207Pb/206Pb detrital zircon ages.  
4. The Early to Middle Jurassic detrital white-mica ages indicate that the Hong’an-Dabie orogen 
is the dominant source area, since no other region in eastern China provides white micas of this age; 
the Dabie is likely also the source of the Triassic grains.  
5. Reworking of Silurian-Devonian foreland sedimentary rocks and erosion of intrusive and 
metamorphic rocks from the South China fold belt most likely provided the majority of the Paleo-
zoic detrital grains. 0.7-0.8 Ga detrital zircons probably originated from Hong’an-Dabie, where 
most of the protoliths have Neoproterozoic zircon ages. Detrital white mica and zircon ages of 
about 1.45 Ga and in particular 1.8 Ga and 1.4 Ga detrital zircons suggest a Cathaysian provenance. 
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6. Intermediate and high Si phengites are likely to be derived exclusively from the Hong’an-
Dabie orogen. Based on the white mica ages and the Si-in-phengite analysis, the Hong’an-Dabie 
orogen provided an estimated 50-80 % of the foreland sediment.  
7. Few high-Si phengites, those retrogressed from high-Si phengites, and two Triassic zircons 
may be evidence for a first limited surface exposure of ultrahigh pressure rocks in the Middle 
Jurassic (190-160 Ma). 
8. The detrital white micas may also date the initiation of exhumation and thus provide an age 
limit for the peak of ultrahigh pressure metamorphism in Hong’an-Dabie. Assuming that the oldest 
micas stem from the tectonostratigraphically highest units, they first cooled during tectonic 
denudation. Accordingly, exhumation would have begun at 240 ± 5 Ma. 
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4 Tektonik des Qinling Orogens 
Kapitel 4 ist: “Tectonics of the Qinling (Central China): Tectonostratigraphy, Geochronology, and Deformation 
Kinematics” by L. Ratschbacher, B.R. Hacker, A. Calvert, L.E. Webb, J.C. Grimmer, M.O. McWilliams, T. Ireland, S. 
Dong, and J. Hu (submitted to Tectonophysics, 2002). 
 
Abstract 
The Qinling orogen preserves a record of Grenvillian to Cenozoic tectonism in central China. 
High-pressure metamorphism and ophiolite emplacement (Songshugou ophiolite) assembled the 
Yangtze craton, including the lower Qinling unit, into Rodinia during the ~1.0 Ga Grenvillian 
orogeny. The lower Qinling unit rifted from the Yangtze craton at ~0.7 Ga. Intra-oceanic arc 
formation at ~470-490 Ma was followed by accretion of the lower Qinling unit to the intra-oceanic 
arc and both to the Sino-Korea craton. Subduction then imprinted a ~400 Ma Andean-type 
magmatic arc onto all units north of the northern Liuling unit. Oblique subduction created Silurian-
Devonian left-lateral transpressive wrench zones (e.g., Lo-Nan, Shang-Dan) and Late Permian-
Early Triassic subduction reactivated them in right-lateral transpression (Lo-Nan, Shang-Xiang, 
Shang-Dan) and subducted the northern edge of the Yangtze. Exhumation of the cratonal edge 
formed the Wudang metamorphic core complex during dominantly pure shear extension at ~230-
235 Ma. Post-collisional south-directed contraction was active into the Early Jurassic. Cretaceous 
reactivation of the Qinling orogen started with NW-SE (trans)tension, coeval with large-scale Early 
Cretaceous crustal extension and sinistral transtension in the northern Dabie Shan; it presumably 
resulted from the combined effects of the Siberia-Mongolia - Sino-Korean and Lhasa-West Burma - 
Qiangtang-Indochina collisions, and Pacific subduction. Regional dextral wrenching was active 
within a NE-SW extensional regime between ~60-100 Ma. An Early Cretaceous Andean-type 
continental magmatic arc, with widespread Early Cretaceous magmatism and back-arc extension, 
was followed by contraction related to the collision of Yangtze-Indochina Block with the West 
Philippines Block. Strike-slip and normal faults associated with Eocene half-graben basins record 
Paleogene NNE-SSW contraction and WNW-ESE extension. The Neogene(?) is characterized by 
normal faults and NNE-trending sub-horizontal extension. Pleistocene(?)-Quaternary NW-SE 
extension and NE-SW contraction comprises left-lateral strike-slip faults and is part of the NW-SE 
stretching imposed across eastern Asia by the India-Asia collision. 
 
4.1 Introduction 
The Qinling orogen of central China stretches from the Qin mountain range south of Xian 1500 
km westward through the Qilian Shan (Deng, 1996) and at least 600 km eastward through the Dabie 
Shan (Okay et al., 1993); it continues northeastward through the Sulu area (Enami and Zang, 1990) 
of the Shandong peninsula into the Imjingang fold belt of Korea (Chough et al., 2000; Figure 4.1). 
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Figure 4.4: Cartoons for the Mesozoic plate tectonic evolution of eastern Asia. (a) Early Cretaceous basin formation, 
arc magmatism (possibly including plutonism along the Qinling-Dabie belt), wrenching and extension explained as 
a result of distant collisions (Siberia–Mongolia – Sino-Korean, Lhasa–West Burma – Qiangtang–Indochina) and 
Pacific subduction and back-arc extension. (b) 90° change in the orientation of the regional stress field from Early to 
Late Cretaceous explained by the West Philippines Block – Yangtze collision and concomitant NE-SW extension. 
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To elucidate the exhumation of high (HP) to ultrahigh-pressure (UHP) metamorphic rocks, we 
recently studied the Triassic-Jurassic tectonic unroofing of the Hong’an-Dabie Shan segment of the 
orogen (Hacker et al., 2000), and its Cretaceous and Cenozoic overprint (Ratschbacher et al., 2000). 
Exhumation was primarily accomplished by lithosphere-scale normal shear within and along the top 
of the upward and eastward moving HP-UHP continental wedge. Several issues pertinent to UHP 
orogeny, however, have to be addressed outside the HP and UHP rocks of Hong’an-Dabie. (1) How 
is the position of the Triassic suture between the Yangtze and Sino-Korean cratons expressed in the 
Qinling area (Plate 4.1)? (2) How does the Sino-Korean craton in Tongbai-Hong’an-Dabie correlate 
with the more complete sequence in Qinling, what tectonothermal signature do they have, and is 
Triassic deformation widespread north of the suture, i.e., in the hanging wall of the Triassic orogen? 
(3) How is the large-scale Triassic crustal extension of Dabie-Hong’an expressed in the Qinling? (4) 
The orogenic architecture of the world’s largest UHP exposure, the Hong’an-Dabie Shan, is 
dominated by Cretaceous and Cenozoic structures that contributed to exhumation from mid-crustal 
depths. How widespread are Cretaceous and Cenozoic tectonics in the Qinling area? 
This paper attempts to establish a first-order correlation of rock units from the Qinling in the 
west to the Dabie Shan in the east and to understand the unit boundaries in terms of structural 
geometry, kinematics, and age of deformation. We use new and existing geochronologic and 
structural data and trace units based on their common magmatism and metamorphism. We 
concentrate on the Triassic deformation but add a first-order age and kinematic interpretation of the 
major deformation zones of the Qinling encompassing the early Paleozoic to Recent. We close with 
speculative scenarios for the Neoproterozoic, Ordovician-Silurian, Triassic, Cretaceous, and 
Cenozoic tectono-thermal/sedimentary events. 
 
4.2 Geologic units of the Qinling-Dabie orogen 
Clear definition and subdivision of the rock units that comprise the Qinling-Dabie orogen (Plate 
4.1, Plate 4.1) remain elusive principally because units were initially divided using relatively young 
strike-slip faults as boundaries. The correlation of rock units across these strike-slip faults and the 
delineation of units using earlier, more fundamental, but cryptic structures is evolving, but still 
incomplete. This section describes the major units of the Qinling orogen from north to south. 
 
4.2.1 Sino-Korean craton 
In the Qinling area, the oldest rocks in the Sino-Korean basement are the 2.5-2.8 Ga Taihua 
gneiss and Dengfeng greenstone (Kröner et al., 1988). These, and the Xiong’er and Guandaokou 
Groups, are overlain by a 4-8 km thick Sinian (Late Proterozoic to Early Cambrian) to Triassic 
section (Ma, 1989; R.G.S. Henan, 1989; Plate 4.1). The Sinian through Ordovician rocks are  
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Figure 4.1: The early Mesozoic Qilian–Qinling–Tongbai–Hong’an–Dabie–Sulu–Imjingang collisional 
orogen in eastern Asia. Structural interpretations of sub-horizontal extension in crystalline basement 
domes are from Faure et al. (1996), Wallis et al. (1999), Lin et al. (2000), Hacker et al. (2000), and our 
data. Andesitic volcanic rocks from Zhang (1997) and Permian-Triassic plutons from R.G.S. Sichuan 
(1991) and R.G.S. Shaanxi (1989) suggest a pre-Late Permian arc related to subduction. 
 
 
platform-facies sandstone, stromatolitic dolomite, limestone, mudstone and rare evaporites, basaltic 
flows and pyroclastics. Late Ordovician through Early Carboniferous rocks are locally absent in the 
Qinling, probably indicating tectonism. Devonian to Permian (and locally Triassic in Henan 
Province) rocks are shallow marine or lacustrine (R.G.S. Henan, 1989). The middle Carboniferous 
to Lower Permian coal-bearing series contain andesitic volcanic rocks (Zhang, 1997). Sediment 
deposition changed markedly on the Sino-Korean craton in the Early Triassic, when lacustrine-to-
alluvial conglomerate, arkosic sandstone, and siltstone were laid down; this continental 
environment persisted throughout the Mesozoic. During the Jurassic, continental clastic 
sedimentation on both the Sino-Korean and Yangtze cratons was accompanied by deposition of up 
to 5 km of calc-alkaline, crustal-derived, intermediate-composition volcanic rocks: tuff, 
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volcanogenic sandstone, and some lava (R.G.S. Anhui, 1987; R.G.S. Henan, 1989; R.G.S. Hubei, 
1990). 
 
4.2.2 Kuanping: Proterozoic-Silurian passive margin or accretionary wedge  
Crystalline rocks of the Sino-Korean craton abut directly against metamorphic rocks of the core 
of the Qinling orogen, without an intervening sedimentary sequence that can confidently be 
interpreted as depositional cover to the craton. The Kuanping unit (Plate 4.1, Figure 4.2), chiefly 
amphibolite- to greenschist-facies marbles and two-mica quartz schists, could represent part of the 
metamorphosed south-facing passive margin of the Sino-Korean craton (Wang et al., 1999) or an 
accretionary wedge (see below). The Kuanping unit contains detrital zircon with a Pb-Pb age of 638 
Ma (Lerch, 1993), is unconformably overlain by middle Carboniferous to Permian sedimentary 
rocks (Xue et al., 1996b), yielded a 40Ar/39Ar metamorphic hornblende age of 434 ± 2 Ma, and is 
intruded by a diorite of the same age (Zhai et al., 1998); it thus predates the Early Silurian. 
Vergence of the fold-thrust belt of pre-Carboniferous age within the Kuanping unit is northward 
(Xue et al., 1996b) and/or southward (Mattauer et al., 1986). 
 
4.2.3 Erlangping-Danfeng-Heihe: Ordovician-Silurian (~490-470 Ma) intraoceanic arc ophiolite 
Ophiolitic rocks within the Qinling orogen include the Heihe, Danfeng, and Erlangping units 
(Plate 4.1, Figure 4.2). They include greenschist- to amphibolite-facies massive and pillowed 
volcanic rocks, sheeted dikes, plutonic rocks, chert, and wackes, limestones, and turbiditic 
siliciclastic rocks (Xue et al., 1996a); at least some of the siliciclastic rocks interfinger with the 
volcanic rocks. The sediments contain Cambrian-Ordovician radiolaria (Zhang and Tang, 1983), 
Ordovician gastropods and corals (Li et al., 1990; You et al., 1993), Yangtze-affinity Early 
Cambrian(?) radiolaria, Silurian corals (Wang, 1989), and Ordovician-Devonian(?) radiolaria (Cui 
et al., 1996), indicating Ordovician-Silurian (though possibly longer) sedimentation; the youngest 
fossils of clearly defined age are Ludlovian-Wenlockian (419-428 Ma) radiolaria (Wang, 1989). 
Trace element contents indicate that the basaltic, andesitic, and dacitic volcanic rocks erupted in an 
intra-oceanic arc (Zhang et al., 1989, 1994; Sun et al., 1996; Xue et al., 1996b). Trondjhemites, 
tonalites, gabbros, and rare pyroxenites comprise a modest portion of the unit, and, at least in the 
Danfeng area, intrude the volcanic sequence (Xue et al., 1996a); they give single-grain Pb/Pb ages 
of 470, 480, 487, 487, and 488 Ma (Reischmann et al., 1990; Xue et al., 1996a), and a K-Ar age of 
unknown type of 485 Ma (R.G.S. Henan, 1989; all K/Ar ages from the study area should be viewed 
with caution because of the documented presence of excess 40Ar in some samples, e.g., Zhai et al., 
1998). A Rb/Sr isochron of 486 ± 15 Ma from a pluton (Zhang et al., 1997) and two Pb/Pb single 
zircon ages of 470 Ma (Kröner et al., 1993) in the Qinling unit might also be part of this intrusive 
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series. These relationships imply that the volcanic rocks are older than ~480 Ma, consonant with a 
Sm/Nd isochron of 447 ± 41 Ma on a suite of volcanic and hypabyssal rocks (Zhang et al., 1989), 
and with a 433 Ma 40Ar/39Ar hornblende age on a cross-cutting diorite (Zhai et al., 1998). 
Sedimentary rocks of Erlangping type are reportedly disconformable on the Kuanping (R.G.S. 
Henan, 1989) or the Qinling units (Huang and Wu, 1992), but until the pseudostratigraphies and 
contact relationships among the units are better understood, we prefer to view these observations 
with caution. An early (seafloor?) oligoclase+actinolite metamorphism of the ophiolitic rocks was 
overprinted by regional greenschist to amphibolite facies discussed below. 
 
4.2.4 Qinling: Yangtze basement and Sino-Korean cover? 
The Qinling unit includes a variety of rocks and its internal structure is not well understood 
(Plate 4.1, Figure 4.2). The structurally lowest rocks are biotite-plagioclase gneisses, amphibolites, 
calc-silicate rocks, garnet-sillimanite gneiss, and marble (Xue et al., 1996b). Indications that they 
are Proterozoic come from whole-rock Rb/Sr ages on gneisses of 991 ± 1 Ma, 794 ± 32 Ma (Chen 
et al., 1992), and 670 ± 40 Ma (Zhang et al., 1997), Pb/Pb single-zircon ages of 2.1 (Zhang et al., 
1991), 0.8 and 2.6 Ga (Kröner et al., 1993), and granitoid U/Pb zircon ages of 0.7 and 2.7 Ga (lower 
and upper intercepts, respectively; Zhang et al., 2001). The upper Qinling unit consists of marble 
with minor amphibolite and garnet-sillimanite gneiss (You et al., 1993). Often grouped within the 
Qinling unit is the Songshugou ophiolite, which includes an amphibolite body. The amphibolite 
contains relicts of an eclogite-facies metamorphism (Liu and Zhou, 1995) estimated by Zhang 
(1996) to have occurred at >750-770°C and 1.2-1.6 GPa. Li et al. (1991) obtained a garnet-
hornblende-whole-rock Sm/Nd age on the amphibolite of 1.0 ± 0.1 Ga, and we obtained a 40Ar/39Ar 
hornblende spectrum indicating a thermal event at 420 ± 30 Ma (Plate 4.2a, Tables 4.1, 4.2). 
Eclogite lenses, with a probable position within the northern margin of the Qinling unit, contain 
coesite (Plate 4.1; Hu et al., 1995) Hu et al. (1996) obtained a garnet-hornblende-omphacite-rutile-
whole-rock Sm/Nd age on this eclogite of 400 ± 16 Ma. 
Whether the Qinling unit belongs to the Sino-Korean or Yangtze cratons remains an open issue. 
Zhang et al. (1989) correlated the lower Qinling unit with the Sino-Korean basement, whereas 
Huang and Wu (1992) correlated the lower Qinling unit with the Douling and Wudang units 
(Yangtze craton), based on lithology. Xue et al. (1996b) used the prevalence of late Proterozoic 
ages to correlate lower Qinling with the crystalline basement of the Yangtze craton, which, unlike 
the Sino-Korean craton, contains evidence for a widespread ~750 Ma thermal event. The upper 
Qinling unit might be correlative with the Kuanping unit (Huang and Wu, 1992). 
 
 


























































































































   

















































































































































































































































































































































































































































   
   






























































































   
   































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.1: Geochronology sample descriptions and locations. 
Sample      Description       N Latitude  E Longitude 
Late-Jurassic-Early Cretaceous granitoids 
D405 weakly deformed granite  33° 43.19’ 112° 45.87’ 
D410 moderately deformed tonalitic orthogneiss  33° 33.61’ 112° 28.53’ 
D419 polymetamorphic pluton in Erlangping   33° 29.74’ 111° 41.60’ 
D428d weakly discordant, ductile undeformed dike in Shang–Dan fault zone 33° 39.75’ 110° 20.15’ 
Erlangping 
D415a youngest felsic dike cutting D415b  33° 17.16’ 112° 36.85’ 
D415b moderately deformed, deep-seated diorite  33° 17.16’ 112° 36.85’ 
D418c greenschist-facies andesite  33° 26.18’ 111° 40.78’ 
D431 granitoid, Qinling/Danfeng contact  33° 41.89’ 110° 22.38’ 
D431b amphibolite, Danfeng complex  33° 41.89’ 110° 22.38’ 
Qinling 
D427a late, ductile undeformed granitic dike  33° 48.58’ 110° 15.98’ 
D427c early orthogneiss  33° 48.58’ 110° 15.98’ 
D430b weakly deformed late granitic dike  33° 42.33’ 110° 22.55’ 
D435 retrogressed eclogite, Songshugou  33° 34.69’ 110° 58.03’ 
Liuling 
D222b amphibolite, Guishan or Nanwan Fm.  31° 48.45’ 115° 15.15’ 
D416d mafic mylonite in Shang–Dan fault zone  33° 15.31’ 111° 47.56’ 
D436b Shang–Dan fault zone; garnet+muscovite+biotite+kyanite  33° 32.74’ 110° 38.93’ 
D436c Shang–Dan fault zone; potassium-feldspar  33° 33.00’ 110° 39.00’ 
D436f Shang–Dan fault zone; garnet+muscovite+biotite+kyanite  33° 33.90’ 110° 39.00’ 
D436k “molasse” (metamorphic polymict conglomerate)  33° 33.90’ 110° 39.00’ 
Douling 
D437d banded retrogressed amphibolite  33° 18.94’ 110° 54.73’ 
D438c weakly mylonitic granite in Yaolinghe  33° 19.30’ 110° 56.00’ 
D439 quartz – potassium-feldspar vein in amphibolite  33° 19.37’ 110° 56.20’ 
Yangtze 
D449c Wudang blueschist  32° 25.55’ 111° 01.47’ 




4.2.5 Liuling: Paleozoic flysch 
The Liuling unit (Plate 4.1, Figure 4.2) comprises siliciclastic to volcaniclastic slate, sandstone, 
conglomerate, amphibolite, and minor carbonate (You et al., 1993). Correlative rocks include the 
Xinyang Group in Tongbai-Hong’an and the Foziling unit in Dabie. Similar sediments in the 
Erlangping unit are included in this group by some authors (Liu et al., 1989; Huang and Wu, 1992), 
who suggest that the Liuling unit was deposited on the Erlangping unit. NW of the town of Danfeng 
the Liuling unit includes conglomerate with well-rounded, 0.5-1 cm, rarely 3 cm pebbles of gabbro, 
peridotite, amphibolite, granite, garnet, quartz, and minor hornblende and pyroxene, probably 
derived from the Qinling unit and interpreted as “molasse” (Mattauer et al., 1985). Yu and Meng 
(1995) showed that several Devonian conglomerate-bearing deposits occur along the Shang-Dan 
fault (“suture” in their terminology), are associated with turbitites and pyroclastics sediments, are 
derived from the Qinling unit and an “ophiolitic assemblage”, and are locally interbedded with 
basic volcanic rocks; they suggested an origin along an active continental margin in a fore-arc basin 
position. In their sections the fossiliferous Upper Devonian siliciclastics are conformably overlain 
by a sequence marked by shallow-marine carbonates, turbitites, debris flow deposits, and slumps, 
and a shallowing upward sequence of proven Lower Carboniferous and suspected Carboniferous to 
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Permian age. These authors, Zhang et al. (1989) and Meng et al. (1995) specifically noted that the 
Liuling unit is different from the coeval rocks south of the Shan-Feng fault, which are middle 
Devonian to Carboniferous shallow water to terrestrial clastic rocks that make up part of the 
Yangtze craton cover. Thus, the Liuling unit is probably composite, encompassing the Qinling unit 
in the north, flysch units in the center, and locally passive margin sediments in the south; these 
interpretations remain speculative. 
Devonian fossils in the Tongbai area (Du, 1986; Niu et al., 1993) have been used to infer a 
Devonian depositional age for the entire Liuling unit. From the conglomerate near Danfeng 
(northernmost Liuling unit) we obtained U/Pb SHRIMP ages (Table 4.3) on 10 zircons; the results 
include 403 ± 7 Ma (3 probably metamorphic overgrowths), 782 ± 11 Ma (3 detrital grains), and 1.0 
Ga (3 detrital grains). 40Ar/39Ar ages from the Liuling unit are 401 Ma (Niu et al., 1994), 316 Ma 
(Zhai et al., 1998), <498 Ma (this study, Plate 4.2a, Table 4.2) on hornblende, 301 and 247 Ma on 
muscovite, and 314 Ma, 297 Ma and 264 Ma on biotite (Mattauer et al., 1985). One K-feldspar 
records reheating and rapid cooling in the Triassic (this study, Plate 4.2b, Table 4.2); there are also 
two muscovite K-Ar ages of 450 and 433 Ma (Chen et al., 1993). In western Hong’an, the Sujiahe 
complex separates the dominantly siliziclastic Liuling unit (here called the Nanwan formation) in 
the north from the HP and UHP rocks of central Hong’an in the south and contains arc 
volcaniclastic rocks, “mélange”, and eclogite (Plate 4.1). Tuff yielded a Rb/Sr whole-rock age of 
391 ± 13 Ma (Ye et al., 1993), eclogite yielded U/Pb zircon ages of 377-400 Ma (Jian et al., 1997), 
310 Ma (SHRIMP spot ages from zircon rims formed at eclogite-facies conditions; Sun et al., in 
press), 350-440 Ma (SHRIMP spot ages from zircon cores; Sun et al., in pres), and eclogite Sm/Nd 
and Rb/Sr ages of 446 ± 23 Ma and 444 ± 31 Ma (Li et al., 1998). Xu et al. (2000) presented two 
~400 Ma phengite ages from eclogite-bearing gneisses. In aggregate, these ages indicate deposition 
during the Silurian-Devonian prior to metamorphism at ~400 Ma, erosion and deposition of 350-
440 Ma arc rocks, and local Late Carboniferous eclogite-facies metamorphism in an accretionary 
wedge setting, followed by a low-temperature Triassic overprint. The metamorphism produced 
garnet amphibolite in mafic rocks and kyanite+garnet+biotite in pelitic rocks (≥700°C and ≥900 
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Table 4.2: Summary of 40Ar/39Ar Data1. 
 
Sample        J                 Weight                 Grain Size  Interpretation 
   mg   µm  
 
Potassium-feldspar 
Late-Jurassic – Cretaceous granitoids  
D405 0.0040738  1.5  400  cooling from ~300°C at 112 Ma to ~100°C at 103 Ma 
D410 0.0040535  1.3  400  slow cooling from ~280-260°C between 73-63 Ma and fast cooling to 150°C at 
55 Ma 
   Erlangping 
D415a 0.0041086  2.5  400  >300 Ma rock, reheated to ~370°C at ~210 Ma, cooled to ~200°C at ~150 Ma 
D418c 0.0040163  1.6  400  >400 Ma rock, reheated to ~230°C at ~100 Ma, cooling to 100°C at 75 Ma 
D431 0.0040396  2.4  400  >300 Ma rock, slow cooling from 300-180°C between 290-240 Ma 
   Qinling 
D427a 0.0040451  1.6  400  >300 Ma rock, linear cooling from ~300°C at ~300 Ma to 160°C at 250 Ma 
D430b 0.0040489  2.2  400  >300 Ma rock, linear cooling from 300 to 180°C between 270-240 Ma 
   Liuling 
D416d 0.0041966  10.6  200  >1000 Ma, reheating to ~300°C between 600-300 Ma, cooling to 200°C at 200 Ma 
D436c 0.0040663  1.7  400  >300 Ma rock experienced 205 ± 5 Ma thermal event 
D439 0.0040267  1.6  400  >1000 Ma rock, rapid cooling from ~380°C at 250 Ma 
 
Sample Mineral      J Weight Grain Size     TFA  IA MSWD 40Ar/36Ar          WMPA        Steps      %39Ar 
       mg    µm    Ma  Ma       Ma              Ma             used       used 
 
Hornblende and mica 
Late Jurassic – Cretaceous granitoids 
D419 bio 0.0041216   0.4 250 101.4 ± 0.3                 102.5 ± 0.3 0.57 225.9 ± 5.4          101 ± 2       3-22/24         90 
D428d hbl 0.0042202   6.9 150 157.8 ± 0.3                      n/a n/a n/a          152 ± 2               n/a         n/a 
   Erlangping 
D415b hbl 0.0041987   9.4 400 441.8 ± 0.8                 402.4 ± 3.9 2.1 3055 ± 218               n/a         12-19/20        66 
D431b hbl 0.0041893   7.3 400 376.2 ± 0.9                 385 ± 1.4 0.12 305.8 ± 5.8          385.8 ± 1.3 25-30/30        29 
   Qinling 
D427c hbl 0.0041775   9.0 400 387.1 ± 0.7   n/a n/a ≥395 down to ≤380  n/a                                n/a 
D435 hbl 0.0042078  11.1 200 420 ± 30 reheat 
   Liuling 
D222b hbl 0.0042145   8.7 300 1254 ± 2  n/a n/a n/a                n/a                 n/a          n/a 
D436b bio2 0.0041241   0.5 400 296.0 ± 0.6                297.5 ± 0.7 1.9 332 ± 37           297.7 ± 0.6 14-24/24        44 
 mus2 0.0041652   0.5 200 355.5 ± 7.3                281 ± 11 0.61 563 ± 107           301.3 ± 5.9   2-20/26        83 
D436f bio2 0.0041266   0.4 300 263.3 ± 0.7                263.4 ± 0.8 0.67 346 ± 60           263.8 ± 0.6   2-24/24        98 
 mus 0.0041611   0.3 300 247.9 ± 0.7                246.0 ± 1.0 0.14 466 ± 101           246.7 ± 0.6   6-27/28        81 
   Douling 
D437d hbl 0.0042182   8.7 400 953.2 ± 1.5  n/a n/a n/a  n/a                           n/a  
D438c mus 0.0041627   1.4 400 789.6 ± 1.1                807.9 ± 1.4 n/a n/a           806.2 ± 1.4 107-122/124 37 
   Yangtze 
D449c mus 0.0041560   0.4 400 218.0 ± 0.5               231.3 ± 0.9 0.38 353 ± 25          231.7 ± 0.8    26-32/32      10 
D459 hbl 0.0041751   9.6 200 235.8 ± 0.5               236.6 ± 0.6 0.64 286 ± 14          236.6 ± 0.6    29-37/37      37 
 
1Raw data are available at http://www.geol.ucsb.edu/~hacker/suppleData/Qinling. 
2Unreliable, likely homogeneously released excess 40Ar. 
Italics: preferred age interpretation. 
Abbreviations: bio, biotite; hbl, hornblende; mus, white mica. 
Explanatory notes on ages: 
D222b hbl: saddle-shaped spectrum, with minimum age of 497.5 ± 1.8 Ma; suggestion from the isochron of a 200–440 Ma thermal event. 
D415b hbl: incomplete analysis because of hardware failure; good isochron age of 402.4 ± 3.9 Ma. 
D419 bio: weakly disturbed spectrum with WMA 101 ± 2 Ma 
D427c hbl: serially increasing spectrum from ≥395 Ma to ≤380 Ma; suggests initial closure at ≥395 Ma, with subsequent reheating after 380 Ma 
D428d hbl: typical excess Ar spectrum plus isotopic cluster; probably Cretaceous. 
D431b hbl: serially increasing spectrum suggesting initial closure at ≥385 Ma and reheating at ≤330 Ma 
D435 hbl: classic U-shaped excess Ar spectrum; a restricted set of decreasing-age points from 960–1105°C suggest a thermal disturbance at 420 ± 30 Ma.  
Original  crystallization age unknown, but may be in the range of 1.7 Ga. 
D436b bio: serially increasing spectrum suggesting closure at 296 ± 4 Ma 
D436b mus : plateau at 301 Ma 
D436f bio : plateau at 263.8 ± 0.6 Ma 
D436f mus : plateau 246.7 ± 0.6 Ma 
D437d hbl: early high K/Ca steps imply a ~220–240 Ma thermal event; the bulk of the steps, which are low K/Ca, imply an early age, strongly masked  
by excess Ar of ~1.0 ± 0.1 Ga. 
D438c mus: serially increasing spectrum from ~700 to 806 Ma; interpret initial cooling as 806 Ma. 
D449c mus: classic loss profile from 232 Ma down toward ~150 Ma. 
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Table 4.3: U/Pb data measured by sensitive high-resolution ion microprobe at the Australian National 
University (sample D436k). 
 
Label  U Th Th/U 204Pb/206Pb  207Pb/206Pb  238U/206Pb  ƒ206  Age 
 (ppm) (ppm)         (%)   (Ma) 
1.1 222 216 0.97 0.00005 ± 0.00003 0.0757 ± 0.0010 5.57 ± 0.15 0.09 ± 0.06 1063 ± 273 
1.2 731 6 0.01 0.00089 ± 0.00028 0.0763 ± 0.0019 15.22 ± 0.38 1.62 ± 0.51 403 ± 91 
2.1 271 71 0.26 0.00007 ± 0.00003 0.1500 ± 0.0013 3.77 ± 0.13 0.10 ± 0.05 1515 ± 48 
3.1 222 101 0.46 0.00012 ± 0.00005 0.0720 ± 0.0010 5.86 ± 0.20 0.20 ± 0.08 1013 ± 313 
4.1 726 317 0.44 0.00007 ± 0.00004 0.0676 ± 0.0011 8.02 ± 0.28 0.13 ± 0.06 756 ± 252 
5.1 642 160 0.25 0.00004 ± 0.00002 0.0707 ± 0.0008 7.67 ± 0.21 0.08 ± 0.03 789 ± 202 
5.2 523 55 0.11 0.00009 ± 0.00004 0.0687 ± 0.0017 10.58 ± 0.31 0.16 ± 0.07 581 ± 16 
6.1 1226 390 0.32 0.00002 ± 0.00001 0.0693 ± 0.0006 7.67 ± 0.18 0.03 ± 0.01 789 ± 172 
7.1 392 178 0.45 0.00019 ± 0.00007 0.0566 ± 0.0009 15.31 ± 0.53 0.35 ± 0.13 406 ± 131 
7.2 304 131 0.43 0.00016 ± 0.00007 0.0532 ± 0.0015 15.89 ± 1.30 0.28 ± 0.13 392 ± 311 
8.1 1085 106 0.10 0.00005 ± 0.00002 0.0609 ± 0.0005 12.74 ± 0.52 0.09 ± 0.04 486 ± 19 
9.1 250 63 0.25 0.00009 ± 0.00009 0.0793 ± 0.0013 10.06 ± 0.24 0.17 ± 0.15 610 ± 13 
10.1 1497 10 0.01 0.00007 ± 0.00004 0.0688 ± 0.0014 10.60 ± 0.37 0.12 ± 0.07 580 ± 19 
10.2 262 62 0.24 0.00006 ± 0.00006 0.0742 ± 0.0013 5.66 ± 0.18 0.10 ± 0.11 1047 ± 313 
1weighted mean age of 403.3 ± 7.2 Ma 
2weighted mean age of 782.0 ± 11.5 Ma 
3weighted mean age of 1043 ± 17 Ma 
Notes: 
     Number before decimal identifies a specific grain; number after decimal identifies specific analysis within that grain. 1.2 is definitely a rim, 
and grain 7 has a core/rim with no age difference; either the core was reset as the rim grew (unlikely), the entire grain was reset at 400 (unlikely), 
or the whole grain grew at 400 as a metamorphic. Interestingly though, it has a markedly different Th/U than 1.2. 204Pb/206Pb, 207Pb/206Pb, 
238U/206Pb ratios are as measured (i.e., no common Pb correction). ƒ206 is the percentage of common Pb as estimated from the difference between 
the measured 207Pb/206Pb ratio and the extrapolated concordant age (207Pb method). 206/238 age corrected for common Pb as given by ƒ206. All 
errors ± 1σ. 
 
 
4.2.6 Devonian batholith: A ~400 Ma continental margin arc 
Intruding the Erlangping, Qinling (Xue et al., 1996a), Kuanping (Zhai et al., 1998) and, possibly, 
Xiong’er (R.G.S. Henan, 1989) units is a suite of relatively undeformed plutons of Late Silurian-
Early Devonian age (Figure 4.2, Plate 4.1). This batholith pins the youngest possible age of these 
four units. It also provides a younger bound to the coalescence of the Kuanping and Erlangping 
units because at least one of the plutons intrudes both units. Although no single pluton truncates the 
contact between the Qinling and Erlangping units, the batholith effectively straddles the contact and 
thus likely also provides a younger bound to the amalgamation of the Qinling and Erlangping units. 
Significantly, none of the 400 Ma plutons crop out south of the Shang-Dan fault. Plutons cutting the 
Qinling unit tend to be granites-granodiorites with initial 87Sr/86Sr ratios ≥0.707, whereas those 
cutting the Erlangping unit are gabbro-quartz monzodiorite with initial 87Sr/86Sr ratios ≤0.706 (Xue 
et al., 1996a), implying that the magmas were influenced by their crustal substrate. These rocks 
yielded Pb/Pb zircon ages of 397 Ma (Reischmann et al., 1990), 402 Ma (Xue et al., 1996a), and 
437 Ma (Wang and Li, 1996), U/Pb zircon ages of 422 ± 14, 406 ± 4, 410 ± 11, 401 ± 14 and 395 ± 
6 Ma (Lerch et al., 1995), Rb/Sr isochrons of 403 ± 17 Ma (Li et al., 1989) and 383 ± 8 Ma (Li et 
al., 1992), 40Ar/39Ar hornblende ages of 402 and ~400 Ma (this study, Plate 4.2a, Table 4.2), and 
K/Ar ages of unknown type of 370, 384, 398, 403 and 407 Ma (R.G.S. Henan, 1989). 
Metamorphism of the country rocks of the Devonian batholith can be interpreted as “regional 
contact metamorphism” in the mid-crustal levels of a magmatic arc (Hu et al., 1993; Zhai et al., 
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1998). Metamorphism in the Kuanping unit is biotite- to kyanite-grade and inverted, such that the 
lowest temperature rocks are farther south, probably implying S-directed thrusting over the Qinling 
and Erlangping units (Mattauer et al., 1985). Metamorphic grade decreases monotonically from 
granulite facies in the Qinling unit to amphibolite to upper greenschist facies in the Erlangping unit 
(Zhai et al., 1998). The characteristic aluminiumsilicate of the Qinling unit is sillimanite, 
overgrowing kyanite (You et al., 1993). Maximum pressures of 0.9-1.0 GPa at 700-800°C are 
suggested by local occurrences of biotite+garnet+kyanite (Hu et al., 1993) and garnet granulites 
(Kröner et al., 1993). Maximum temperatures, reached in biotite+sillimanite+garnet+ orthoclase 
rocks, were 650-850°C at 400-900 MPa (Spear, 1993); garnet amphibolites yield similar conditions 
of 700°C and 600-800 MPa (Hu et al., 1993), and hornblende granulites formed at 500-700 MPa 
and ≥600-700°C (Zhai et al., 1998). If this is “regional contact metamorphism” produced by a ~400 
Ma magmatic arc, metamorphic mineral ages are expected to reflect this. There are 40Ar/39Ar 
hornblende ages of 404 ± 5 Ma (Zhai et al., 1998) and 421 ± 2 Ma (Li and Sun, 1995) on 
Erlangping amphibolite, 404 ± 2 Ma on Qinling granulite (Zhai et al., 1998), 420 ± 30 Ma on the 
amphibolite at Songshugou (this study, Plate 4.2a, Table 4.2), 401 Ma (Niu et al., 1994) and 316 
Ma (Zhai et al., 1998) from the Liuling unit, eight K/Ar muscovite and biotite ages on Qinling unit 
metamorphic rocks that range from 480 to 354 Ma (Zhang Z.Q. et al., 1991; R.G.S. Henan, 1989), 
and one Rb/Sr whole-rock isochron on greenschist-facies pillowed basalts of 402 ± 6 Ma (Sun et al., 
1996). 
 
4.2.7 Douling: Proterozoic Yangtze basement 
The Douling unit is composed of micaceous gneiss and schist with subordinate hornblende 
gneiss, quartz keratophyre, pyroclastics, and massive to pillowed Ti-rich basalt (Figure 4.2; R.G.S. 
Henan, 1989; Hao et al. 1994). It has been correlated with Yangtze basement exposed in the 
Huangling area based on lithology and age (Hao et al., 1994). Geochronology suggests that the 
Douling unit rocks formed in the Proterozoic (Sm/Nd whole-rock gneiss age of 1.9 ± 0.3 Ga, Rb/Sr 
whole-rock gneiss age of 422 ± 16 Ma (Shen et al., 1997), Pb/Pb single zircon gneiss ages of 747 
(R.G.S. Henan, 1989) and 1.7 ± 0.2 Ga, amphibolite hornblende 40Ar/39Ar age of 833 ± 17 Ma 
(Shen et al., 1997), a Sm/Nd mineral isochron on quartz diorite of 979 ± 12 Ma (Hao et al., 1994), 
K/Ar ages of unknown type of 718 (Li et al., 1992), 795 and 880 Ma (R.G.S. Henan, 1989), a U/Pb 
age of unknown type of 725 ± 29 Ma (Zhang et al., 1997), and 40Ar/39Ar ages on hornblende of ~1.0 
Ga, muscovite of ~800 Ma, and potassium-feldspar showing a Triassic overprint on a Proterozoic 
amphibolite (this study, Plate 4.2b, Table 4.2). 
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4.2.8 Yangtze craton 
The oldest rocks of the Yangtze craton are Archean age and exposed in the classic Yangtze 
Gorge section in the Shennong and Huangling (Kongling) areas and comprise gneissified 
trondjhemites with ~2.9 Ga zircons (U/Pb SHRIMP ages); paragneisses have detrital zircons of 3.3-
2.9 Ga (Qiu et al., 2000; Ames et al., 1996). Granites intruded the Archean basement at ~1.9 Ga. 
Many of the zircons from the Huangling area experienced lead loss at ~1.0-0.9 Ga (Plate 4.1, Figure 
4.2; R.G.S. Hubei, 1990; Qiu et al., 2000). Farther north, the Hong’an, Suixian, Wudang, and 
Yaolinghe Groups are typified by intercalated mafic and felsic volcanic rock, siliciclastic rocks, and 
carbonates (R.G.S. Hubei, 1990). Numerous zircons from these units, and from the Douling unit 
and the Dabie Shan HP-UHP rocks are ~750-800 Ma (Plate 4.1 and Hacker et al., 1998, 2000); we 
obtained a 40Ar/39Ar muscovite age from the Yaolinghe unit of 806 to 750 Ma (Plate 4.2a, Table 
4.2). 
Overlying the Precambrian basement are ~12 km of weakly metamorphosed Upper Sinian to 
Triassic sedimentary rocks. Cambrian through Carboniferous rocks are mostly platform-shelf 
carbonates and shelf-slope clastic rocks formed on the north-facing passive margin of the Yangtze 
craton, except for minor Lower Silurian (423-443 Ma) volcanic flow and volcaniclastic rocks. 
Locally, Lower, Middle, and Upper Devonian fluvial conglomerate, quartz sandstone, and 
mudstone lie unconformably on Upper Silurian rock. Permian platform-facies carbonates give way 
upsection to coal-bearing clastics and phosphorite deposits indicative of restricted shelf and 
lagoonal deposition (R.G.S. Hubei, 1990). Early and Middle Triassic evaporite, carbonate, and 
argillite indicate shallow marine platform sedimentation with restricted circulation (R.G.S. Hubei, 
1990). The shift to continental sedimentation occurred on the Yangtze craton in Late Triassic time. 
 
4.3 New 40Ar/39Ar data 
4.3.1 Hornblende, white mica, and biotite ages 
We obtained 40Ar/39Ar ages on 23 mineral concentrates (Plate 4.2a, Tables 4.1, 4.2). Five of the 
spectra (D436b and D436f, both with white mica and biotite from mylonitic gneiss; D459, 
hornblende from a garnet gabbro) yielded plateau ages. However, the discordance in ages between 
D436b and D436f, and the younger age for muscovite rather than biotite from D436f are cause for 
concern; the two samples are less than 2 km apart. These spectra might reflect homogeneously 
released excess 40Ar. Four spectra (D427c, hornblende from an orthogneiss; D431b, hornblende 
from an amphibolite; D438c, white mica from a mylonitic granite; D449c, white mica from a 
blueschist) have serially increasing ages that can be interpreted as the result of an early Ar retention 
event overprinted by a younger Ar loss event. The spectra for D427c and D431b plausibly record 
initial argon retention at ~400 Ma. Likewise, we propose initial retention ages of ~806 Ma and ~232 
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Ma for samples D438c and D449c, respectively; the inferred Ar loss event at ~750 Ma for D438c is 
consonant with abundant other information for an event of this age on the Yangtze craton (Hacker 
et al., 1998). The remaining four spectra are more problematic. D222b (hornblende from an 
amphibolite) likely underwent Paleozoic Ar loss, D415b (hornblende from a diorite) probably 
crystallized at 400 or 480 Ma, and D419 (biotite from a granite) is certainly a Cretaceous pluton, 
whereas D428d (hornblende from a dike) probably represents a Cretaceous dike affected by excess 
40Ar. 
 
4.3.2 Potassium-feldspar ages 
Ten, mostly metamorphic potassium feldspars (Plate 4.2b, Tables 4.1, 4.2) were analyzed to 
constrain low-temperature thermal histories. All except one yielded spectra suitable for full 
diffusion-domain analysis (after Lovera, 1992); for analytical details see appendix 6. Two 
potassium feldspars from likely Early Cretaceous granitoids in the Sino-Korean craton were 
analyzed. Under the assumption of monotonic cooling, D405 indicates linear cooling from 300°C at 
112 Ma to ~100°C at 103 Ma; allowing reheating events puts the peak of reheating at 120 Ma. 
D410 shows an age spectrum that climbs from 55 to 85 Ma with a flat at 73 Ma. The modeled 
spectrum indicates slow cooling from ~280-260°C between 73-63 Ma and faster cooling to 150°C 
by 55 Ma. If reheating is allowed, cooling follows a thermal spike at 85 Ma. Three potassium-
feldspar samples come from the Erlangping unit. D415, a felsic dike cutting a diorite with a ~400 
Ma hornblende age, was at ~370°C at 210 Ma, following an ~400 Ma thermal event, cooled linearly 
to 200°C by 150 Ma and to 160°C by 100 Ma. The spectrum of D418c implies a pre-400 Ma history 
with a 230°C reheating event at 100 Ma followed by cooling to 100°C by 75 Ma. Modeling of the 
spectrum of D431, an unfoliated granitoid intruding the Danfeng amphibolite (≥385 Ma 
hornblende) indicates slow and linear cooling from 300-180°C between 290-240 Ma and a ~300-
320 Ma reheating of an older rock, consistent with the ≤330 Ma reheating obtained from the 
hornblende analysis. Ductile flow in the Danfeng amphibolite must therefore be older than 300-330 
Ma. Two potassium-feldspar samples come from the Qinling unit. D427a is a dike cutting Qinling 
orthogneiss (~390 Ma hornblende). Modeling yields linear cooling from 300°C at 300 Ma to 160°C 
at 250 Ma followed by very slow cooling to 150°C by 200 Ma. Ductile deformation in the Qinling 
unit is thus pre-300 Ma. D430b, a low-T ductile to brittlely deformed granitic dike, has a 
complicated spectrum indicating linear cooling from 300°C to 180°C between 272 and 240 Ma and 
then nearly isothermal cooling to 200 Ma. Two potassium-feldspar samples are from the Shang-Dan 
fault zone of the northern Liuling unit. D416d is a well-rounded potassium-feldspar clast in a thin 
ultramylonitic acid metavolcanic layer in mylonitic amphibolite; quartz grains show evidence of 
low-T ductility. The sample shows a spectacular age gradient from 1200-220 Ma. Models allowing 
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reheating show a thermal spike at 300°C between 600-300 Ma followed by cooling to 200°C by 200 
Ma. Mylonitisation along the Shang-Dan fault zone is thus older than 300 Ma and the ductile-brittle 
to brittle faulting is Triassic. D436c, a quartz+potassium feldspar vein in a retrograde phyllitic 
gneiss (245-300 Ma muscovite and biotite ages, but see 3.1.), indicates a thermal event at 205 ± 5 
Ma. D439 is from a quartz+potassium feldspar vein in mid-to low-T mylonitic Douling unit 
amphibolite (~800 Ma hornblende, sample D438). Modeling shows rapid cooling from ~380°C at 
250 Ma. In summary, the potassium-feldspar data record a thermal event in the Late Cretaceous and 
earliest Tertiary as far south as the Shang-Dan fault zone and a Triassic event as far north as the 
Erlangping, overprinting rocks older than Carboniferous (probably the Devonian batholith) and late 
Proterozoic. 
 
4.4 Deformation and kinematics 
4.4.1 Overview 
Silurian-Devonian ductile sinistral transpression established the major deformation zones of the 
Qinling. Triassic Sino-Korean − Yangtze craton collision caused dextral transpressive reactivation 
of existing shear zones in the consolidated Devonian block north of the Triassic suture in the 
Liuling complex, sub-horizontal extension within core complexes along the northern margin of the 
Yangtze craton, and N-S contraction by folding and thrusting throughout the belt. The Cretaceous 
faulting history started with NW-SE (trans)tension, coeval with Early Cretaceous crustal extension 
and sinistral transtension in Dabie. This was followed by regionally ubiquitous dextral wrenching 
during or after deposition of widespread Late Cretaceous (K2) deposits. There were three successive 
Cenozoic stress fields, the most pervasive with NW-SE extension and NE-SW contraction during 
the Pliocene-Quaternary. 
Our structural data supporting this view are detailed in the following and summarized in Plates 
4.3 to 4.5, Figure 4.3, and Tables 4.4 to 4.7. In the field we characterized the contacts of the main 
rock units along two traverses across the orogen by studying the relative amount of deformation, the 
sense of displacement or shear, and the pressures and temperatures of deformation. The amount of 
deformation was judged from the shape of deformed objects such as reduction spots, the thickness 
and spacing of deformed zones, and the degree of grain-size reduction. Sense of shear was 
established in the field and in thin section by means of criteria such as offset markers, σ and δ 
clasts, shear bands, asymmetric boudinage, schistosité-cisaillement (S-C) fabrics, and lattice-
preferred orientation (texture) measurements of quartz. Our quartz texture interpretation is based on 
comparisons with textures from deformation zones where the path and temperature have been 
established by independent criteria, and from polycrystal-plasticity models and experimental data. 
In order to understand the kinematics of fault arrays, we applied “stress” inversion techniques to 
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mesoscopic fault-slip data (see appendix 1 for a summary of our approach). We refer the reader to 
Passchier and Trouw (1996), Angelier (1994), and Twiss and Unruh (1998) for recent, 
comprehensive summaries and critical discussions of these structural methods. 
 
4.4.2 Cenozoic 
Although to a first approximation the existence, sense, and slip rates of Cenozoic strike-slip 
faults within the Qinling belt have been established (Peltzer et al., 1985; Bellier et al., 1988, 1991; 
Zhang et al., 1995, 1998, 1999), little is known about the regional distribution of Tertiary and 
Quaternary faulting and associated regional stress fields. In the course of our fieldwork on the 
Mesozoic orogeny, we collected microtectonic data to determine the extent to which the Paleozoic-
Mesozoic Qinling was reactivated during the Cenozoic. 
Geomorphologic features, historic seismicity (e.g., Ma, 1986) in the vicinity of faults traceable in 
the field, and zones of weakly consolidated cataclastic rocks affecting Late Cretaceous and 
Cenozoic rocks demonstrate that the entire Qinling was reactivated during the Cenozoic (Plate 4.3). 
On the basis of observations from 16 stations, we obtained regionally consistent σ1 and σ3 trends of 
047 ± 15° and 141 ± 11° (Table 4.4), respectively, for the latest Cenozoic deformation; this stress 
field affected Neogene deposits along the Shang-Dan (e.g., Shangxian basin group, Plate 4.3c) and 
Lo-Nan faults (Lonan basin, Plate 4.3c) and is associated with active deformation along the Lo-
Nan, Shang-Xian, Shang-Dan, and Shan-Yan faults (Plate 4.3b,c). For example, the Cenozoic Lo-
Nan fault constitutes a broad zone of cataclasites with scarps and clay gouge at the Zhan-Ping-Tai 
reservoir (Plate 4.3c, stations D402, D403). The Shang-Dan fault shows a up to 100 m wide 
exposure of cataclasite including clay gouge in easternmost Shaanxi, where the Shangxian basin 
sediments, if interpreted as strike-slip related basins, demonstrate Neogene activity and a few tens 
of km of syn- to post-Neogene offset (Plate 4.3c, stations D429-430(b), D436). Arrays of NE-
trending, right-lateral to right-lateral transtensional faults, conjugate with a few regionally 
prominent, ESE-trending, left-lateral faults (Gonglu and Wudang faults), characterize the Wudang 
basement dome (Plate 4.3b). 
Both the Lo-Nan and the Shang-Dan faults record older, also Cenozoic normal faulting; σ3 
trends ~019° (5 stations, e.g., D429-430(a), D433b; Plate 4.3c, Table 4.4). These faults are also 
present in the Neogene Shangxian basin sediments and are thus Neogene or younger. Eight stations 
along the Lo-Nan, Shang-Xian, and Gonglu faults (Plate 4.3, Table 4.4) record an even older stress 
field (σ1 = 020 ± 20°, σ3 = 115 ± 16°); related faults, commonly mineralized, overprint fault sets 
loosely constrained as K2 (see below). The width of Eocene half-graben basins (lengthening 
estimated from a planar fault - triangular half-graben model, e.g., Brun and Choukroune (1983)) and 
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Late Cretaceous-Paleogene (K2-E) sedimentary basins, fault zones, and principal stress 
orientations calculated from homogeneous, single-outcrop fault-striae sets are shown in Plate 4.4 
(Table 4.5). The deformation history started with NE-SW contraction and NW-SE extension; three 
of the five stations show a clockwise change in time in the orientation of the sub-horizontal 
principal extension direction (σ3). Along the Lo-Nan fault (stations D403, D404, D410, D412, 
D426, Plate 4.4a) deformation related to this event is associated with quartz+biotite+chlorite growth 
on fault planes, local low-T quartz ductility (250-300°C) along faults, and cooling of probable 
Cretaceous granitoids through ~300-100°C at 112-103 Ma (D405, Table 4.2) and through >400-
280°C at ~85-73 Ma (D410, Table 4.2); ductile deformation in these granitoids, also indicating NE-
SW shortening associated with NW-SE lengthening (stations D404, D410), may have occurred 
earlier in the Cretaceous. 
Younger faults are regionally ubiquitous, have σ1 and σ3 trends of 146 ± 21° and 058 ± 24°, 
respectively (20 stations), and are associated with deformation along the Lo-Nan, Shang-Xian, 
Shang-Dan, Liangyong, Gonglu, and Wudang faults (Plate 4.4a,b); the widespread K2-E deposits of 
the Qinling are associated with these fault zones. Along the Lo-Nan fault we studied profiles 
incorporating probable Cretaceous granite and Lower Jurassic (J1) and Upper Cretaceous (K2) 
sedimentary rocks (basins north of Thai Shan; stations D406 and D413). At D406, both foliation 
and bedding are vertical and lower-greenschist facies metamorphism accompanied dextral 
transpressive faulting in the granite. Dextral strike-slip faulting following the earlier NW-SE 
extension (see above) affected a probable Cretaceous orthogneiss (D410) north of the Thai Shan 
basin group and the main strand of the Lo-Nan fault. Potassium-feldspar thermochronology (D410) 
shows slow cooling at 280-260°C from 73-63 Ma consistent with K2 sedimentation along the fault. 
At a similar structural position brittlely deformed sub-volcanic rocks at D412 demonstrate 
clockwise rotation of sub-horizontal σ1 and σ3. Stations D413 and D425, ~250 km apart along the 
Lo-Nan fault, reveal complex post-J1 (deformed granitoid) and syn-K2 (basin formation) faulting 
indicating clockwise rotation of σ3. The Shang-Xian fault zone, little studied by us, is dextral, and is 
associated with several K2-E basins; faulting accompanied cooling from ~300-100°C at 101-75 Ma 
(biotite in granitoid at D419, potassium feldspar in greenschist-facies andesite of D418). The 
Shang-Dan fault was a right-lateral strike-slip fault (stations D434, D436) in the Late Cretaceous as 
indicated by the shape and distribution of sedimentary basins, particularly the Xixian basin, along it 
(Plate 4.4a, see also Mattauer et al., 1985). K2-E basins (e.g. Yunxi, Din-Jan, Fangxian, Plate 4.4b) 
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along the Liangyong, Gonglu, and Wudang fault zones are interpreted as pull-aparts related to right-
lateral slip. From these basins alone cumulative strike-slip displacement of a few tens of km is 
evident (Plate 4.4b). The Cambrian strata mantling the northwestern margin of the Wudang 
basement complex is offset at least 15 km right laterally along the Gonglu fault (Plate 4.4b). Several 
of the stations studied in the Wudang area record the clockwise rotation of σ3 typical of the 
Cretaceous deformation. The Jurassic Wudang thrust (see later) was reactivated during the K2-E and 
is a sub-vertical dextral strike-slip fault southeast of the Fangxian basin (station D452-D457, Plate 
4.4b); temperatures during faulting reached ≥150°C as estimated from ductile flow of calcite (type 
II twinning, Burkhard (1993)). 
 
4.4.4 Triassic-Jurassic 
Much of the Yangtze and Sino-Korean cratons shown in Plate 4.1 has WNW-trending folds and 
craton-directed thrusts of mm to km scale (Mattauer et al., 1985; R.G.S. Henan, 1989; R.G.S. 
Shaanxi, 1989; R.G.S. Hubei, 1990). For example, the basement and cover of the Yangtze craton 
were imbricated along south-directed thrust faults in the Wudang Mountain area (Plate 4.1) in mid-
Triassic or younger time (Huang, 1993). Triassic sandstones and slates show greenschist-facies 
metamorphism that is likely coeval with formation of the fold-thrust belt (You et al., 1993). On the 
Sino-Korean craton, the north-directed Lu Shan thrust, placing crystalline basement over Paleozoic 
cover, was active in the Middle Triassic and Late Jurassic (Huang and Wu, 1992). Huang and Wu 
(1992) also suggested that the Qinling unit was thrust over the Erlangping, Danfeng and Liuling 
units. They correlate the Kuanping unit with the Qinling unit and identify a series of Mesozoic (1st 
stage: Middle Triassic; 2nd stage Late Triassic-Cretaceous) south-directed thrusts imbricating the 
Luanchuan (a part of the Sino-Korean basement and cover north of Kuanping), Kuanping, Qinling, 
Erlangping-Danfeng, Liuling, and Douling units, the Yangtze cover, and the Wudang basement and 
cover. 
Here we present structural and age data for some of the major fault zones in the Qinling area, 
proceeding from north to south (Plate 4.5). Late Triassic to Early Jurassic (T2-J1) volcanogenic 
sandstone, shale, and coal along the Lo-Nan fault zone (e.g., Thai Shan basin group) are openly 
folded and show low-grade metamorphism. Brittle-ductile faulting at station D415, a gneiss 
metamorphosed at ~400 Ma (D415b, Table 4.2), occurred with chlorite + epidote + calcite + quartz 
+ hematite + limonite mineralization on the fault planes, probably during reheating to ~400-200°C 
at 220-200 Ma (potassium feldspar, D415a, Table 4.2). The Shang-Xian fault zone is dextral 
transtensive within partly mylonitic, intermediate volcanic rocks at station D418; the quartz texture 
indicates upper greenschist-facies flow. The Shang-Dan fault zone shows greenschist-grade Triassic 
dextral transpressive and contractional overprinting of high-grade Devonian left-lateral shearing 
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(see below). At station D416, tight to isoclinal, post-mylonitic folding and dextral shearing (e.g. 
low-T quartz texture, D416c) is dated at ~200 Ma (cooling to ~200°C, potassium feldspar, Table 
4.2). Song et al. (1998) reported dextral low-grade shearing along the boundaries of the Songshugou 
peridotite, just north of the Shang-Dan fault. A gneissic to partly mylonitic ductile fabric with 
chlorite-coated shear bands is followed in kinematic continuity by a ductile-brittle and cataclastic 
fault fabric at stations D429-430; both fabrics are low-T, indicate dextral slip, and overprint a ~400 
Ma (unpublished Chinese U/Pb zircon age) granitoid. A granitic dike affected by the low-T fabric 
experienced cooling from 300-180°C between 270-240 Ma and a marked slowing of cooling around 
240 Ma, after which the rock stayed at ~180°C until ~190 Ma (potassium feldspar, Table 4.2). 
Eastward along the fault zone (station D433), ductile-brittle faults and small-scale shear zones and 
shear bands accompany a vertical, second foliation, all indicating top-NNE thrusting. Similarly, 
along the northern edge of the Liuling unit at station D436, mostly phyllitic quartzite, micaschists, 
hornblende+garnet+plagioclase quartzose gneisses and felsic metavolcanic rocks reveal a steep 
fabric caused by E-W trending folds. The mica ages from this station are difficult to interpret (see 
above), but the muscovite plateau age of ~247 Ma and the evidence from potassium feldspar of a 
205 ± 5 Ma thermal event imply that folding and faulting at stations D433 and D436 were Triassic; 
the ~N-S shortening is commonly accommodated by vertical and horizontal, E-W, stretching 
(boudinage). 
The Liuling unit is structurally complex and its internal structural geometry has not been 
resolved; detailed structural analysis is also hampered by the monotonous, generally phyllitic 
lithology. The northern part of the Liuling unit (e.g. station D433) may belong to the Qinling unit; it 
contains mylonitic potassium feldspar+plagioclase augen gneiss, garnet+biotite±hornblende gneiss 
with intercalations of amphibole- and quartz-rich layers (bimodal volcanic rocks), and meta-
conglomerate (station D434). The remainder of the Liuling unit we studied (southern stretches of 
profile represented by station D436) is mostly phyllitic quartzite, micaschists, and 
hornblende+garnet+plagioclase gneissic quartzites and felsic volcaniclastic rocks, resembling the 
Foziling unit of Dabie and the Nanwan unit of Hong’an. Deformation in this phyllitic unit is 
characterized by ~N-S shortening, commonly accommodated by vertical and horizontal, E-W 
stretching. 
The Douling unit encompasses granitoid gneiss, bimodal to acid metavolcanic rocks, 
amphibolite, marble and dolomite, and calcschists at the stations we have studied (D437-D439); 
overall these rocks are similar to the passive margin of the Yangtze craton and equivalent to the 
Huwan and Luzhenguang units of Hong’an-Dabie. At stations D437 and D439 low-temperature 
(greenschist) mylonites in calcite marbles, calcschists, and quartz-rich acid metavolcanic rocks 
represent a top SE (dextral transpressive) major shear zone with asymmetric boudinage at the m-dm 
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scale and phyllitic S-C fabrics with ribbon quartz and dynamic recrystallization at ~300°C. Late-
stage shear is associated with folding (B2 in the structural plots, Plate 4.5b), partly indicating 
extreme shortening. A second deformation with top-SW (sinistral transpression) brittle-ductile 
shear-fault zones with late folding (B3) indicates bulk N(E)-S(W) shortening with S(W) vergence, 
probably related to folding in the Liuling unit and the Yangtze craton. The accompanying low-grade 
metamorphism indicates that this ductile to ductile-brittle shear and faulting is Triassic; at D437 
(Table 4.2) the early high K/Ca steps of a hornblende 40Ar/39Ar spectrum imply a 220-240 Ma 
thermal event and potassium feldspar in hornblende+plagioclase+potassium feldspar segregation 
veins (D439) records rapid cooling from ~380°C at 250 Ma. These stations detail the “Douling 
thrust” of Huang and Wu (1992). These 250-220 Ma ages represent relatively early stages of the 
thermal evolution of the Triassic Qinling-Dabie belt (compare the ages compiled in Plate 4.1 and 
Hacker et al., 2000) and date overall top-S imbrication with a change from NW-SE (dextral 
transpression) to NE-SW shortening. 
A foreland fold-thrust belt overprinting an extensional core complex characterizes the Triassic 
structure of the northern Yangtze craton cover and basement; in the following we report data from 
the Wudang area (“Wudang core complex”). Strong regional refolding (Plate 4.1), commonly 
leading to apparent thrusting, has hindered the recognition of the extensional nature of this 
basement dome. Stations D443 to D448 record basement deformation and extensional detachment 
contacts at the northern margin of the Wudang core complex. The footwall comprises blueschist-
greenschist-facies acid to basic metavolcanic and metasedimentary rocks of the Yaolinghe complex; 
Sinian marbles (mostly dolomite) form the hanging wall. At station D443, in the center of the small 
basement dome at the northern margin of the core complex, a relic, complex and unresolved 
deformation is overprinted by a penetrative, sub-horizontal first foliation (s1) related to top-N 
normal faulting and second deformation folding (D2). At stations D445-D447, all deformation 
postdated blueschist-facies metamorphism. The extension direction of the first deformation (D1), as 
portrayed by the mineral stretching lineation and elongated vesicles in metavolcanic rocks, changed 
in a clockwise sense during progressive deformation. The mostly greenschist-grade footwall is 
strongly ductilely deformed with intrafolial isoclinal folds. Deformation in the basement is 
generally pure shear sub-horizontal extension from ductile flow to ductile-brittle faulting, but 
locally has clear non-coaxial fabrics (e.g., asymmetric boudinage) with top-S normal fault 
geometry. Outcrop-scale faulting at these stations along the northern margin of the Wudang 
basement dome is mostly top-S, possibly reflecting antithetic slip to a synthetic master detachment 
with top-N displacement. Folds at station D447 are mostly isoclinal and cut by late-stage ductile-
brittle normal faults; these folds and the associated sub-horizontal foliation probably originated 
under sub-vertical contraction. Late, large-scale kink folds verge north-northeast and indicate late 
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shortening. At station D448, the detachment contact (Cambrian limestone against blueschist-
greenschist-grade phyllite and acid metavolcanic rocks) is a steeply S-dipping fault; there is a clear 
metamorphic hiatus between the footwall and the hanging wall. An early deformation is complex 
and multiphase and not resolved in detail. A first, resolvable deformation is syn- to post-blueschist-
facies metamorphism, shows extreme boudinage, is mylonitic in part, and contains isoclinal folds in 
phyllite and limestone. As at station D447, there are multiple sub-horizontal extension events, 
indicated by multiple, initially probably sub-horizontal foliations (s2 is always less steeply dipping 
than s1) and normal faults interfering with WNW-trending folds. The late faulting (D448B2 in Plate 
4.5b) is related to the widespread regional folding. Stations D449 to D451 and D458 to D461 record 
structural geometry, kinematics and deformation-metamorphism relationships in the basement of 
the north-central part of the Wudang core complex (Plate 4.5c). The rocks are generally bimodal 
metavolcanics. At station D449, there is a clear kinematic continuity of all structures: s1 carries a 
blueschist-greenschist-facies metamorphic assemblage and records sub-horizontal extension, s2, a 
crenulation, is associated with B2 folds, which have an extreme orientation range - tight folds are 
closer to the stretching direction (NE trending) than open folds. This complex fold pattern probably 
includes early folds related to sub-horizontal extension and later folds related to sub-vertical 
extension. A third deformation, containing tension gashes and a few faults, postdates WNW-
trending B2 folds, indicating renewed sub-horizontal NNW-SSE extension. Muscovite from a 
blueschist at this station shows a loss profile from 232 Ma down toward ~150 Ma, indicating 
extension prior to or at ~230 Ma. At D450, calcite+quartz+chlorite-coated faults show sub-
horizontal extension that is a progressive kinematic extension of the ductile deformation. Stations 
D458 to D461 comprise typical greenschist-facies metasedimentary and metavolcanic basement. 
D458 is a good example of the rotation we applied to the ductile-brittle fault pattern, which results 
in interpretable structures that indicate sub-horizontal extension. Throughout the studied area, 
folding followed extension and faulting related to N-S contraction. At station D459, the extensional 
deformation is well constrained at 236.6 ± 0.6 Ma by a hornblende spectrum with minor low-T loss. 
Stations D455 and D457 typify the Wudang core complex structures at its southern margin. The 
basement is phyllitic to massive quartzose metavolcanic rock. At D455, we have rotated the 
ubiquitous shear zones and associated shear bands such that s1 is sub-horizontal, resulting in a sub-
horizontal extensional deformation geometry with non-coaxial top-SSE flow; this fits the 
widespread, pervasive boudinage within s1. The Cretaceous fault set (see above), indicating NE-SW 
dextral transtension, does not need to be rotated, indicating that the major folding is pre-Cretaceous. 
All deformation is late in the metamorphic history, and related to greenschist-facies retrogression. 
Stations D441, D454, and D456 characterize the Triassic foreland fold-thrust belt deformation. 
D441 records folding and top-S thrusting in Cambrian limestone just north of the Wudang core 
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complex (Plate 4.5b) and D454 records deformation in the same stratigraphic unit south of the core 
complex (Plate 4.5c); at the latter station, ductile-brittle, layer-parallel shortening was followed by 
fold buckling and thrusting. Station D456 typifies the Triassic-Jurassic Wudang thrust area, which 
involves Paleozoic to Jurassic strata. The Lower Jurassic (J1) rocks are coarse, partly angular 
alluvial fan conglomerate and sedimentary breccia with ≤20 cm cobbles consisting of the 
metavolcanic basement of the Wudang core complex to the north and Paleozoic limestones and 
sandstones of the fold-thrust belt cover series. Thus, the core complex basement was already 
exposed in the Early Jurassic. Lower Jurassic meta-sandstones lie locally on karstified Cambrian 
dolomite, testifying to a sedimentary hiatus probably related to Triassic-Jurassic orogeny. S-vergent 
folding and top-S thrusting is a kinematic continuation of top-SE thrusting of Paleozoic rocks over 
J1 rocks. The J1 rocks are low grade and foliated, but show a clear metamorphic break from the 
blueschist-greenschist basement; deformation was accompanied by a phyllitic, anastomosing shear 
fabric and S-vergent tight to isoclinal folds up to 0.5 m in size. The folding clearly predated dextral 
strike-slip related to K2-E basin formation; deformation is thus bracketed between J1 and K2.  
In summary, the deformation sequence in the Wudang Shan basement massif area encompassed 
initial relic, unresolved deformation, then sub-horizontal extension within the basement and the 
basement-cover contact zone, continued with folding and thrusting affecting the basement and the 
Paleozoic cover sequence, and terminated with folding and faulting incorporating Lower Jurassic 
deposits, which were subjected to low-grade metamorphism during the propagating deformation. 
Crustal thinning during the early deformation is demonstrated by original sub-vertical contraction 
and sub-horizontal extension associated with prevailing coaxial deformation, excision of parts of 
the stratigraphic sequence, and deformation associated with condensed isograds. The Lower 
Jurassic sedimentary rocks are typical syn-tectonic molasse. From the observation that crustal 
extension started under transitional blueschist-greenschist conditions and proceeded to brittle 
conditions along the same detachment zone, we estimate that up to 20 km of crustal thinning may 
have occurred during the formation of the metamorphic core complex. Taking ≥230 Ma as a likely 
age of the HP metamorphism and recognizing that basement similar to that exposed today occurs in 
J1 (~200 Ma) deposits, gives an exhumation rate of ≥0.6 mm/yr. 
 
4.4.5 Silurian-Devonian 
Although not the major goal of our study of the Triassic orogeny, we report structural and age 
data on Silurian-Devonian deformation along several of the major fault zones in the Qinling in 
order to better understand the Triassic and younger overprint (Figure 4.3). It was in the Silurian-
Devonian when several of the crustal-scale deformation zones were established as sinistral 
transpressive wrench zones. 
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We studied post-Cambrian to pre-Cretaceous, probably Silurian-Devonian, ductile deformation 
in the Sino-Korean craton at station D402. Reduction spots in greenschist-grade Cambrian shale, 
intercalated with dolomite, yielded a plane strain deformation (X:Y:Z = 11.5:3.1:0.84, Lodes 
parameter = -0.004, strain intensity factor = 1.85) within a ductile shear zone striking ~140°; 
deformation is characterized by nearly vertical stretching with a sinistral strike-slip component, 
which is also reflected in the local brittle-ductile fault pattern. 
Stations D407-409 and D415 (Figure 4.3) characterize the pre-Triassic Lo-Nan fault zone. At 
stations D407-409, greenschist- to amphibolite-facies micaschist in mylonitic amphibolite shows 
strong deformation during retrogression. T3-J1 rocks cover the deformation zone (Figure 4.3). 
Ductile shear bands indicate left-lateral, transpression along the NNE-dipping foliation. A first 
folding was isoclinal with axes parallel to the mineral stretching lineation, a second folding 
accompanied late-stage sinistral shear, and late faults also record top-WSW sinistral transpression. 
The monzogranitic gneiss at station D415 is cut by an undeformed aplitic dike with >300 Ma 
potassium feldspar and is intercalated with mylonitic diorite with a hornblende age of ~402 Ma, and 
a crystallization depth of ≥5 kbar (Al-in-hornblende barometry, diorite includes magmatic epidote). 
Surrounding homogeneously deformed quartz+biotite mylonitic gneisses show extremely high 
strain, isoclinal folds, asymmetric boudinage, and high-T deformation with weak post-
deformational quartz annealing, all in a left-lateral transpressive setting; the mineral stretching 
lineation is strongly variable in orientation. High-temperature Lo-Nan fault sinistral shear is thus 
Early Devonian (~400 Ma). 
In orthogneiss and marble of the Qinling unit at station D427, ductile, probably also sinistral-
transpressive flow (see foliation and lineation orientations plotted with the Triassic fault pattern in 
Plate 4.5a) is constrained by a hornblende spectrum which shows a loss profile from 395 to 380 Ma; 
the outcrop is cut by a late, undeformed granitic dike with a potassium-feldspar age >300 Ma. The 
contact of the Erlangping unit with the Qinling unit is locally a carbonate-matrix “mélange”; near 
this contact, sillimanite-garnet gneisses of the Qinling unit are retrogressed to andalusite (You et al., 
1993). At station D426, the only locality where we studied this unit, the marble is coarse grained, 
foliated, but not mylonitic. Deformation of the Qinling and Erlangping units is thus older than 300 
Ma and most likely ≥390 Ma. 
The present contact between the Qinling and Liuling units is the brittle and brittle-ductile Shang-
Dan fault zone (see Triassic, Cretaceous and Cenozoic deformation structures), which overprints a 
spectacular earlier ductile shear zone. Mineral stretching lineations and associated fabrics indicate 
an early left-lateral displacement and even earlier dip-slip movement (Zhang et al., 1989). 
Sillimanite+orthoclase gneisses in the Qinling unit are retrogressed to andalusite approaching the 
shear zone (Hu et al., 1993); this decrease is compatible with south-directed thrusting. We studied 
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this complex fault zone at five localities encompassing ~130 km along strike. At station D416a, 
strongly deformed amphibolites are intercalated with low-T quartz mylonites with rounded feldspar 
in a fine-grained matrix, and ≤30 cm marble layers; ultramylonite is restricted to felsic layers. The 
first deformation, D1, shows dynamically recrystallized high-T fabrics in amphibolite, with 
plagioclase partially recrystallized in porphyroclast strain shadows and sinistral shear. Quartz-rich 
lithologies show syn- to post-tectonic quartz grain growth in ultramylonite with probable sinistral 
shear. The quartz texture (D416c) indicates high-T sinistral shear. At this station the age of the 
deformation is poorly constrained; potassium-feldspar dating suggests that a >1000 Ma protolith 
experienced reheating between 600 and 300 Ma. Station D428a from the northernmost part of the 
Liuling unit, which is different from the typical quartzosephyllitic part (see above), has marble, 
ortho- (acid metavolcanic) and paragneiss, some mylonitic amphibolite, and mylonitic to 
ultramylonitic quartzofeldspathic gneiss with potassium-feldspar clasts. D1 was followed by grain 
growth in quartz within fine-grained mylonite layers (≤1.5 cm thick) and is characterized by 
isoclinal, possibly sheath folds. Plagioclase recrystallized in strain shadows behind porphyroclasts. 
The shear sense for the high-T deformation history is left lateral from shear bands and quartz 
textures. Quartz mylonites show late dynamic recrystallization at ~300°C at very high strain. All 
ductile to ductile-brittle deformation predated a Late Jurassic-Early Cretaceous dike (D428d, Table 
4.2). Station D433, again in the northernmost part of the Liuling unit, has biotite±garnet gneiss and 
schists, acid metavolcanic rocks with amphibolite boudins, and locally up to 10 cm thick 
ultramylonite. A sub-vertical foliation, sub-horizontal mineral stretching lineation and isoclinal, 
lineation-parallel <a> folds outline a sinistral transpressive shear zone (e.g., quartz U-stage texture) 
with strong E-W stretching. The Songshugou peridotite/eclogite, just north of the Shang-Dan fault 
zone, shows top-S motion (Mattauer et al., 1985; Song et al., 1998); a hornblende from an 
amphibolitized eclogite shows 420 ± 30 Ma reheating (D435, Table 4.2). Sinistral transpressive 
shear along the Shang-Dan fault zone is relatively well dated at station D431; hornblende in 
amphibolite of the Danfeng unit shows a serially increasing spectrum suggesting initial closure at 
≥385 Ma and reheating at ~330 Ma. A potassium feldspar from the amphibolite is >300 Ma (D430). 
This unit is intruded by potassium-feldspar rich granitoids younger than the foliation in the Danfeng 
amphibolite. Garnet+carbonate layers exhibit superplastic cataclastic flow and late-stage shear 
zones have biotite+chlorite. The structural geometry is typical of the early history of the Shan-Dan 
fault zone, with sinistral synthetic shear bands and large-scale boudinage due to E-W stretching. At 
station D436, within the northern part of the Liuling unit, mostly phyllitic quartzite, micaschist, and 
hornblende+garnet+plagioclase gneissic quartzites reveal an early fabric with a relic 
hornblende+plagioclase+kyanite fabric that is higher in grade than the phyllitic, Triassic overprint. 
Early shear zones indicate strong E-W extension with boudinage; sinistral shear zones are synthetic 
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(e.g., quartz U-stage texture). All high-grade deformation at this station was pre-300 Ma 
(potassium-feldspar and mica ages) and is probably best dated by the metamorphic overgrowths 
(~400 Ma) on zircons from the partly mylonitic conglomerate near Danfeng (Table 4.3); this station 
(D434a) shows post-deformation annealing that blurs early high-T sinistral shear. Taken together, 
structural and age data indicate that the Shang-Dan fault zone, the most spectacular fault of the 
Qinling, was a sinistral transpressive mylonite zone active in the early Devonian (~400 Ma). 
 
4.5 Discussion 
4.5.1 Cenozoic faulting: Interaction between Pacific subduction and India-Asia collision 
Peltzer et al. (1985) proposed left-lateral, Tertiary slip of >100 km on the Lo-Nan and Shang-
Dan faults of the Qinling area (Plate 4.3c), whereas Huang and Wu (1992) favored tens of km of 
displacement on the same faults since the Late Cretaceous; we established ≥25 km of Cenozoic 
displacement along the Lo-Nan fault alone. The timing of Tertiary displacements on a regional 
scale is poorly constrained. Studies of Bellier et al. (1988, 1991) and Zhang et al. (1998, 1999) in 
the Weihe graben along the southeastern margin of the Ordos block (Plate 4.3a) established three 
successive extensional regimes: ~WNW-ESE during the Paleogene, ~NE-SW during the Neogene, 
and ~NW-SE during the Pliocene-Quaternary. These authors correlated WNW-ESE extension, 
recorded in Precambrian basement along the Weihe graben, with major stratigraphic 
disconformities at 52-45 and 25-27 Ma. A structural and apatite fission-track thermochronology 
study along the Tan-Lu fault zone of easternmost Dabie provides support for Paleogene faulting 
within the WNW-ESE extensional regime; there, several samples yielded Eocene ages (~55-40 
Ma), with thermal history modeling indicating enhanced cooling at 45 ± 10 Ma (Grimmer et al., 
submitteda). These ages are interpreted in terms of tectonic reactivation of the Dabie Shan, rather 
than prolonged cooling from mid-Cretaceous until Eocene, and correspond to sedimentation ages in 
half-graben basins. Maybe the best direct dating of early Cenozoic faulting comes from the 
potassium-feldspar thermochronology at station D410 along the Lo-Nan fault; this Cretaceous(?) 
tonalite cooled rapidly from >400°C, likely due to Cretaceous faulting, remained at 280-260°C 
from 73-63 Ma, and thereafter cooled again rapidly to less than 150°C at 55-50 Ma. We attribute 
the latter cooling to significant normal faulting at this station. The widespread Eocene 
sedimentation in half-graben basins and related offset of pre-Cenozoic markers (Plate 4.3c) 
indicates that the Paleogene was the major period of sinistral strike-slip and rifting in Qinling. The 
geodynamic interpretation of the Paleogene deformation is debated. On one the hand, Paleogene 
syn-rifting sedimentation in northern and eastern China is generally attributed to intra-arc and/or 
back-arc rifting along the Pacific-Eurasian plate margin (e.g., Allen et al., 1997), for which 
Northrup et al. (1995) suggested a dynamic link to Pacific-Eurasia convergence; decreased 
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convergence is correlated with reduced plate coupling, which in turn resulted in extension adjacent 
to the plate margin. On the other hand, Eocene NE-SW shortening across central Asia and strike-
slip and extensional faulting across northeastern Asia is generally attributed to the India-Asia 
collision (e.g., Tapponnier and Molnar, 1977), following suturing and the onset of intra-continental 
subduction at ~55-50 Ma (e.g., Searle et al., 1997; Roger et al., 2000). One argument against the 
India-Asia collision causing extension in eastern China is the 1500-3000 km distance from the 
collision, however, it is also difficult to understand why the Weihe graben should have formed as a 
result of back-arc extension, as it is ~2000 km away from the Asian margin. No clear distinction in 
the orientation and onset of extension by “Pacific rifting” or “India-Asia collision” has been worked 
out in the Cenozoic rifts of eastern Asia. Here we suggest that the Paleogene stress field in the 
Qinling resulted from the combined effects of Pacific subduction and the India-Asia collision. 
The second Tertiary extensional regime, NE-SW oriented, recorded by us and the studies in the 
Weihe graben (see above) was established at 6 ± 3 Ma according to Bellier et al. (1988, 1991). A 
geodynamic interpretation for this increasingly recognized regime (Weihe: Bellier et al., 1988, 
1991; Zhang et al., 1999; Hong’an-Dabie: Ratschbacher et al., 2000; Tan-Lu and Yangtze foreland 
fold-thrust belt: Zhang et al., 1999 ; Schmid et al., 1999; Grimmer et al., submitteda) has yet to be 
made. 
The latest Cenozoic deformation in the Qinling involves normal slip on ENE-striking, graben-
bounding faults, right-lateral (with variable normal and reverse components) slip along NNE-
trending faults, and mostly left lateral (again with variable dip-slip components) slip along E- to 
ESE-trending faults. This fault pattern is consistent with NW-SE extension and NE-SW contraction 
(Plate 4.3b, average stress orientations). Using faults from the Weihe graben in the north to the 
Shang-Dan fault in the south, Peltzer et al. (1985) and Zhang et al. (1995) documented cumulative 
active sinistral slip rates of ~7 mm/yr for the ESE-trending faults of the Qinling. We interpret the 
active Qinling fault system as accommodating the eastward escape of the Yangtze craton caused by 
the India-Asia collision and Pacific back-arc tension (e.g., Tapponnier and Molnar, 1977; Table 
4.3a). Our data highlight the widespread reactivation of the Qinling over a N-S distance of at least 
200 km, from the easternmost segments of the Weihe graben in the north to the Wudang fault in the 
south. The eastward motion of the Yangtze block with respect to Mongolia (Table 4.3a) is thus 
accommodated by a series of strike-slip faults in the Qinling area, whose spacing increases into the 
Yangtze interior. The prevailing strike-slip deformation contrasts with the dominantly normal 
faulting around Ordos in the Sino-Korean craton (see Zhang et al., 1998). Our study suggests that 
the Lo-Nan and the Shang-Dan faults, and their western continuation, the Qinling fault, as the 
southern boundary of the Weihe graben, are the major strike-slip fault systems. Both fault systems 
reactivated Paleozoic subduction-accretion complexes. The interior of the northern Yangtze craton 
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in southern Qinling (e.g., Wudang basement dome) is characterized by arrays of NE-trending right-
lateral faults, conjugate to a few prominent ESE-trending, left-lateral faults, e.g. the Gonglu and 
Wudang faults (Table 4.3b). This fault array is identical in geometry and kinematics to partly 
seismically active faults within the crystalline core of Hong’an-Dabie (Ratschbacher et al., 2000) 
and suggests that sinistral faulting along the northern margin of the Yangtze craton (Qinling fault 
system) changes southward to distributed, wholesale NW-SE stretching within the craton. The 
average NW-SE (142°) late Cenozoic extension direction obtained for the Qinling area is within 
error identical to the direction (134°) we obtained for Hong’an-Dabie (Jinzhai and Tan-Lu fault 
zones; Ratschbacher et al., 2000; Schmid et al., 1999; Grimmer et al., submitteda) and similar to 
active NW-SE stretching imposed by the India-Asia collision (e.g., Zhang et al., 1995, 1998). The 
Cenozoic Nanyang basin (Plate 4.1) makes an interpretation of how active displacement is 
transferred from the Qinling to the Tongbai-Hong’an-Dabie difficult. The Jinzhai fault can be traced 
continuously from northern Dabie into central Tongbai (Ratschbacher et al., 2000); a second, less 
active fault zone in southern Tongbai runs sub-parallel to the Jinzhai fault into the Nanyang basin. 
Because the Lo-Nan fault splays into numerous smaller faults in the easternmost Qinling and the 
northern Tongbai, the Shang-Dan fault probably transfers the major component of active sinistral 
slip from the Qinling into the Jinzhai and other fault zones of Hong’an-Dabie. 
 
4.5.2. Cretaceous: Pacific subduction and far-field collisions 
Cretaceous igneous rocks comprise ~50% of the surface exposure of the Dabie Mountains and 
almost the entire northern half of Dabie consists of Cretaceous igneous rocks and orthogneisses 
(Plate 4.1; Ratschbacher et al., 2000). The Cretaceous igneous signature diminishes westward 
through Hong’an and Tongbai, where plutons are concentrated along the northern margins (~20% 
of surface exposure; Plate 4.1), and reaches <20% in the Qinling (Plate 4.1). The Cretaceous 
plutons in the Qinling crop out nearly exclusively in the Sino-Korean craton and the adjacent 
Kuanping; this contrast with farther east, where plutons are widespread on the Yangtze craton. The 
extensive magmatic and metamorphic overprint implies a considerable role of Cretaceous unroofing 
in the exhumation of the Qinling-Hong’an-Dabie orogen. Indeed, the structural architecture of 
Hong’an-Dabie is dominated by Early Cretaceous structures (Ratschbacher et al., 2000), mostly 
normal and strike-slip shear zones and faults with an initial ductile flow event accommodating the 
highest strain. The major crust-shaping event was the formation of the magmatic-metamorphic-
structural dome of the Northern Orthogneiss Unit under NW-SE sub-horizontal extension and sub-
vertical and subordinate NE-SW contraction, and the activation of the Xiaotian-Mozitang 
detachment fault (Plate 4.1). The characteristic regional structural feature is a clockwise change in 
the orientation of the sub-horizontal strain/stress axes; that is, the trend of the principal extension 
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direction changed from early NW to intermediate N to late NE. Ductile flow is well dated in Dabie 
by pre- to syn-tectonic orthogneisses with U/Pb zircon ages of 137 to 128 Ma and post-tectonic 
(undeformed) granitoids of 129-125 Ma. 40Ar/39Ar thermochronology indicates that most of Dabie 
cooled below 250°C by ~115 Ma, coeval with brittle-ductile and brittle faulting (Ratschbacher et 
al., 2000). 
Surprisingly little Early Cretaceous deformation occurred in the part of the Qinling studied by us, 
given its dominance farther east. In contrast to Dabie, Early Cretaceous deformation is mostly 
brittle, and our age constraints (≥112 to ~75 Ma) indicate it is younger too. Reischmann et al. 
(1990) established that the Shagou shear zone in western Qinling, regarded as a branch of the 
Shang-Dan fault zone (Plate 4.1), deformed plutons in a sinistral sense at amphibolite-facies 
temperatures. The time of motion is bracketed by a zircon crystallization age of 211 ± 8 Ma from a 
granodiorite protolith, and a Sm/Nd garnet-whole-rock age of 126 ± 9 Ma from a rock that contains 
post-kinematic garnet. The shear zone also incorporates K2 basins and deformation during 
retrograde, very-low to low-grade metamorphism. Here we interpret the Shagou shear zone as a 
kinematic and time equivalent to the Xiaotian-Mozitang fault zone of northern Dabie and the other 
Early Cretaceous deformation we documented in Qinling; we correlate its reactivation with the 
widespread Late Cretaceous faulting and basin formation throughout the Qinling. We argue against 
a possible Triassic-Jurassic age of the shear zone, noting that Triassic deformation is dextral 
transpressive within the Qinling (see above), that high-temperature Jurassic deformation has yet to 
be documented, and that post-deformational annealing of deformation fabrics is also observed in 
northern Dabie. 
Early Cretaceous strike-slip and extensional deformation in eastern Asia, coeval with that in 
Qinling-Hong’an-Dabie, seems to be widespread, but is often incompletely dated and structurally 
analyzed (Figure 4.4a); it has been proposed to have occurred from Mongolia to southeastern China 
(see Yin and Nie, 1996; Ratschbacher et al., 2000; Graham et al., 2001 for summaries). Here we 
follow our earlier model (Ratschbacher et al., 2000) and suggest that Early Cretaceous deformation 
in eastern Asia was the result of the combined effects of the Siberia-Mongolia - Sino-Korean and 
Lhasa-West Burma - Qiangtang-Indochina collisions, and Pacific subduction and related 
magmatism. This overall plate tectonic framework indicates an Early Cretaceous tectonic setting 
dominated by eastward tectonic escape and Pacific back-arc extension (Figure 4.4a). 
As in Hong’an-Dabie, there is ubiquitous evidence in the Qinling for the characteristic regional 
structural feature of Cretaceous deformation, specifically the clockwise change in the orientation of 
the sub-horizontal stress axes. This likely records a change in the regional stress field in eastern 
Asia and not the rotation of a large crustal block; Gilder and Courtillot (1997) and Gilder et al. 
(1999) demonstrated that both the southern Sino-Korean and the northern Yangtze cratons lack 
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paleomagnetically detectable block rotations younger than Late Jurassic. In the Yangtze foreland 
fold-thrust belt south and east of Dabie, basement domes expose upper- to mid-crustal rocks of the 
late Proterozoic Yangtze crystalline basement. In the Lu Shan dome (Figure 4.1) NW-SE extension 
has been constrained between Permian and Early Cretaceous, and NE-SW transtension is syn- to 
post-127 Ma (Lin et al., 2000). Taking the data from Dabie (see review above) and Lu Shan 
together, the characteristic regional clockwise change in the orientation of the sub-horizontal stress 
fields, from early NW-SE to late NE-SW transtension, is dated between ~140 and ~115 Ma, with 
the latter beginning after ~127 Ma in the Lu Shan area. 
In the Qinling, the basins associated with the ESE-trending dextral fault zones and the NE-SW 
extensional stress regime are poorly dated due to the continental nature of the sediments; our 
potassium-feldspar ages loosely bracket faulting between ~101-63 Ma. The Dabie Shan was 
thermally reactivated between ~100 and 90 Ma and the ESE-trending Xiaotian-Mozitang was 
dextral and probably conjugate to the sinistral transtensive Tan-Lu fault (Ratschbacher et al., 2000), 
for which fault gouge yielded 110-90 Ma ages along strands far north of Dabie (Chen et al., 1989). 
A broad dextral shear belt of unknown width and along-strike length occupies the eastern Tongbai 
Shan (Webb et al., 1999; 2001); to the west and south, these tectonites may be associated with 
sedimentary basins (K2, according to R.G.S. of Hubei, 1990). At least locally, the shear belt was 
reactivated at ~75 Ma (40Ar/39Ar ages on biotite and pseudotachylite, Webb et al., 1999). Structural 
analysis in the Yangtze foreland fold-thrust belt documents NW-SE shortening and NE-SW 
extension also along ESE-trending dextral and NNE-trending sinistral fault zones that interfere with 
open folds (Schmid et al., 1999; Grimmer et al., submitteda). The majority of apatite fission-track 
ages from Dabie are between ~85-56 Ma (Grimmer et al., submitteda). Combining the 40Ar/39Ar 
reheating ages from Dabie and the apatite fission-track ages from Dabie and its foreland, the ~110-
90 Ma ages of fault gouge along the Tan-Lu, and the K2-E stratigraphic ages of sediments east of 
Dabie, the sinistral normal faulting along the Tan-Lu fault zone of eastern Dabie is constrained to 
be Late Cretaceous. In conclusion, we suggest that the NW-SE contractional and NE-SW 
extensional regime affected eastern China from the late Early Cretaceous to the late Late 
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Figure 4.4: Cartoons for the Mesozoic plate tectonic evolution of eastern Asia. (a) Early Cretaceous basin formation, 
arc magmatism (possibly including plutonism along the Qinling-Dabie belt), wrenching and extension explained as 
a result of distant collisions (Siberia–Mongolia – Sino-Korean, Lhasa–West Burma – Qiangtang–Indochina) and 
Pacific subduction and back-arc extension. (b) 90° change in the orientation of the regional stress field from Early to 
Late Cretaceous explained by the West Philippines Block – Yangtze collision and concomitant NE-SW extension. 
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Figure 4.4 (continued): (c) Paleomagnetically supported rotation–collision scenario for the Permian-
Triassic Sino-Korean – Yangtze approach. Illustrated are the transpressive wrenching along the Qinling-
Dabie and Longmen Shan belts and the model of extensional exhumation of the high-pressure and 
ultrahigh-pressure rocks of Dabie–Sulu caused by an irregular plate margin (retreat of the Sino-Korean 
plate boundary) and a syn-collisional clockwise rotation of the Yangtze plate, providing space for the 
exhuming rocks. (d) Formation of a Carboniferous-Permian magmatic arc, oblique to the presently E-W 
trending Triassic suture along the Qinling-Dabie belt. The pre-Cenozoic shape of the Songpan-Ganze 
terrain is unknown. 
 
 
What tectonism produced this Late Cretaceous deformation with the spectacular dextral strike-
slip faults in the Qinling, open folding (NE-trending axes) and transtensional rifting in eastern Asia, 
and what led to a change of ~90° in the orientation of the Cretaceous stress field? Building on the 
eastern Asian tectonic setting proposed by Charvet et al. (1994) and Lapierre et al. (1997), we 
suggest that the geodynamic situation changed in southeastern Asia through the Early-Late 
Cretaceous (Figure 4.4): an Early Cretaceous Andean-type continental magmatic arc (producing the 
plutonic rocks as far north as the Qinling) was followed by a contractional event related to collision 
of the Yangtze-Indochina Block with the “West Philippines Block” or “South China Sea Landmass” 
(Faure and Ishida, 1989; Charvet et al., 1994) and coeval and subsequent crustal stretching. The 
collision probably terminated the Izanagi subduction (Engebretson et al., 1985), and induced an 
overall NW-SE contraction and NE-SW extension with sinistral slip on (N)NE-trending faults (e.g., 
the Changle-Nanao tectonic zone in southeast China; Charvet et al., 1990) and dextral slip along 
ESE-trending fault zones (e.g., the dextral Xiaotian-Mozitang and the faults in Qinling); the suture, 
displaced southeastward by the Tertiary rifting in the South China sea, is now located in 
southeastern Asia (Figure 4.4b). 
 
 
4.5.3 Triassic orogenesis: Subduction of the Yangtze craton 
Formation and exhumation of the HP-UHP rocks of Hong’an-Dabie occurred between 245 and 
~225-210 Ma. Hacker et al. (1998, 2000) showed that Triassic zircon, hornblende, mica, and 
potassium-feldspar ages are prevalent in Hong’an as far north as the Huwan normal shear zone, 
south of the Liuling unit, and into the Liuling unit in Dabie (its southern part is called Nanwan in 
Hong’an and Foziling in Dabie; Plate 4.1). Xu et al. (2000) presented a single ~250 Ma white-mica 
age from the Liuling (called Liangting mélange in their paper) in northernmost Hong’an, however, a 
227 ± 3 40Ar/36Ar ratio makes this age questionable. Our thermochronology shows that Triassic 
orogeny was thermally less significant in the Qinling area than in Dabie. No Triassic zircon ages 
have been reported from Qinling metamorphic rocks, and there is only one unambiguous Triassic 
40Ar/39Ar hornblende age, a 237 Ma age from a garnet amphibolite in Wudang. All the potassium-
  
4 Tektonik des Qinling Orogens  100
     
feldspar spectra we have acquired from pre-Mesozoic rocks in the Qinling area indicate Triassic 
thermal events; this includes rocks in the Erlangping, Qinling and Liuling units. Our best estimate 
for the time of right-lateral transpressive slip along the shear/fault zones of the central Qinling (Lo-
Nan, Shang-Xiang, and Shang-Dan) is 240-200 Ma; deformation temperatures reached 100-300°C, 
locally <400°C. Well-documented muscovite and hornblende samples from the Wudang basement 
yielded 237-232 Ma, equivalent to ages from the Huwan detachment and somewhat older than the 
Hong’an blueschist phengite ages. No mica north of the Wudang blueschists has clear Triassic ages; 
notably, the Douling unit shows no evidence for resetting of Proterozoic hornblende and mica and, 
consistent with the potassium-feldspar thermochronology, implies that the Triassic argon loss event 
did not reach more than ~300°C north of the Wudang blueschists. The clear Triassic thermal 
signature in the Wudang blueschists, and the absence of temperatures >300°C farther north imply 
that the Triassic event involved subduction and exhumation of the blueschists. 
Both the Sino-Korean and the Yangtze cratons provide sedimentologic clues to Triassic 
orogenesis (Figure 4.2); sediment deposition changed markedly on the Sino-Korean craton in the 
Early Triassic, when lacustrine-to-alluvial conglomerate, arkosic sandstone, and siltstone were laid 
down. On the Yangtze craton Lower and Middle Triassic carbonates indicate shallow marine 
platform sedimentation (R.G.S. Hubei, 1990). However, Breitkreuz et al. (1994) documented 
massive breccia deposits within the carbonates, which they took to indicate contractional 
deformation between the Sino-Korean and Yangtze cratons. The shift to continental sedimentation 
occurred on the Yangtze craton in Late Triassic time. 
As in Hong’an-Dabie, tracing the Triassic suture is difficult at the current stage of mapping and 
its location can only be inferred from indirect evidence (see e.g., Hacker et al., 1998 for Hong’an-
Dabie). The Yangtze craton stretches as a coherent unit at least to the northern edge of the Douling 
unit, as indicated by the following (Plate 4.1 and inset bottom center): (i) Zircon ages of ~700-800 
Ma, characteristic of the Yangtze craton, occur south of the Liuling unit. (ii) ~400 Ma metamorphic 
and magmatic ages occur as far south as the northern Liuling unit (Zhai et al., 1998, Sun et al., in 
press). In northwestern Hong’an, Devonian-Carboniferous ages occur as far south as the Sujiahe 
mélange, which we consider part of the Liuling unit. (iii) The ~240-200 Ma thermal event 
associated with the Triassic collision (and the HP metamorphism in the southern Qinling) is 
pervasive as far N as (but not including) the Douling unit in the Qinling. In Hong’an-Dabie, Triassic 
ages occur as far north as the Qinling-Erlangping units. (iv) Penetrative Triassic deformation 
characterizes the Yangtze craton up to the southern margin of the Liuling unit. We tentatively place 
the Triassic suture between the Yangtze and Sino-Korean cratons within the phyllitic-volcaniclastic 
part of the southernmost Liuling unit (Figures 4.2, 4.6). We suggest that the plethora of Qinling, and 
in particular Tongbai-Hong’an area, zircon, hornblende, and mica ages that range from 400 Ma to 
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250 Ma reflect tectonothermal events in a Devonian to Permian accretionary complex that was built 
southward of and possibly reworked the Silurian-Devonian accretionary complex (see below). The 
Devonian batholith and the belt of Carboniferous-Permian andesitic volcanic rocks in the Sino-
Korean craton constitute the related arcs (see above and Figure 4.1); the northward shift of 
magmatism from the Silurian-Devonian to the Carboniferous-Permian implies a flattening of the 
subduction angle (see below and Figure 4.9). The association of dominantly siliciclastic and acid 
and basic metavolcanic rocks, and the prevailing greenschist-grade but local HP metamorphism 
typifies the accretionary setting of the southern Liuling unit. 
The Wudang basement massif is a metamorphic core complex that formed in a ~N-S extensional 
setting and was refolded openly to tightly during N-S contraction; it originated during dominantly 
pure shear extension with top-south ductile shearing along its southern and top-north ductile 
shearing at its northern margins. 40Ar/39Ar dating of syn- to post-kinematic hornblende and 
muscovite puts extension at or prior to 230-235 Ma; still unresolved, possibly contractional 
deformation predated crustal thinning. The dome was intensely refolded and involved in a south-
directed fold-thrust belt reaching into the Early Jurassic; phases of contraction interfered with 
extension. Comparing the Wudang and Hong’an-Dabie areas, the northern edge of the extensional 
dome is located at different positions within the Yangtze craton. The Huwan Formation of northern 
Hong’an constitutes a lithosphere-scale shear zone (the Huwan detachment) that reactivated the 
Triassic suture belt (Plate 4.1). In Dabie, the Huwan detachment cannot be mapped, as Cretaceous 
magmatism, metamorphism, and deformation has obliterated earlier fabrics, but it must be south of 
the Foziling and Luzhenguang units, the latter with clear Yangtze craton affinity and the former 
with Triassic metamorphic ages, very likely coinciding with the Early Cretaceous Xiaotian-
Mozitang crustal-scale shear zone (Hacker et al., 2000; Ratschbacher et al., 2000). In Qinling, the 
Douling unit, lithologically equivalent to the Huwan and Luzhenguang units, is non-mylonitic and 
lacks Triassic HP-UHP metamorphism. 
Tentatively, as our age range is still not precise, we correlate dextral transpressive wrenching 
within the Qinling with crustal thinning and thrusting-folding on the northern Yangtze craton. 
Although most Yangtze-Sino-Korean collision scenarios contain a component of dextrally oblique 
convergence (e.g., Yin and Nie, 1996; Zhang, 1997), no model has been based on direct 
observations. Here we suggest that the dextral strike-slip in Qinling is a result of continental 
subduction that was oblique to an approximately east-west plate margin in the Qinling, and 
clockwise rotation of the Yangtze craton (Figure 4.4; Zhao and Coe, 1987; Gilder et al., 1999). Note 
that the range of Triassic ages in Qinling correspond to those in Dabie; the proposed younging and 
westward migration of collision (e.g., Yin and Nie, 1993; Zhao and Coe, 1987; Zhang, 1997) is not 
documented geochronologically along Qinling-Hong’an-Dabie. Triassic right-lateral transpression 
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in the Qinling is compatible with structural data from the Songpan-Ganze allochthon facing the 
northwestern edge of the Yangtze craton. Burchfiel et al. (1995) showed that the Xue Shan platform 
of the northern Longmen Shan (Figure 4.1) was transported (north)westward during early Mesozoic 
transpressive tectonism. The entire Triassic Longmen Shan can be considered as a sinistral 
transpressive belt conjugate to the dextral transpression in Qinling, and both formed under overall 
N(W)-S(E) contraction (Figure 4.4c). 
Geological field mapping has outlined several basement domes in the northern Yangtze craton 
(Figure 4.1, Plate 4.1). For Wugong Shan, Faure et al. (1996) outlined an extensional origin at 250-
230 Ma. Lin et al. (2000, 2001) documented for the Jiuling Shan and the Lu Shan an extensional 
setting following N-S contraction; they discussed a possible initial stage of formation during the 
Triassic despite the presence of exclusively Cretaceous U/Pb titanite and 40Ar/39Ar mineral ages. 
We have documented Triassic extension without a Cretaceous overprint in the Wudang Shan. 
Hacker et al. (2000) documented that the HP-UHP rocks of Hong’an-Dabie were exhumed 
principally by normal-sense shear from beneath the hanging wall Sino-Korean craton. A detailed 
discussion of a geodynamic scenario for the extensional setting within the northern Yangtze craton 
is beyond the scope of this paper, however, we suggest that it was related to widespread subduction 
of the northern edge of the Yangtze craton to HP and UHP depths (from central Qinling to Sulu, 
Figure 4.1) and subsequent, syn-convergence extensional exhumation due to buoyancy, a retreating 
plate boundary (Sino-Korean craton), and a clockwise syn-collision-syn-exhumation rotation of the 
craton (e.g., Zhao and Coe, 1987) which produced extension east of the pivot (Figure 4.4c). 
In spite of this profound subduction and regurgitation of the Yangtze craton, Permian-Triassic 
magmatism (e.g., an Andean-style arc) is absent from the Dabie, Tongbai, and eastern Qinling 
areas. Triassic plutons do, however, extend westward ~300 km from Xian (Plate 4.1), where they 
intrude the Kuanping, Erlangping, Qinling, and Liuling units, and, most notably, the Yangtze craton 
cover. The Triassic granitoids within the Liuling and the Erlangping units in western Qinling are 
metaluminous, probably I-type with low Sri ratios (Reischmann et al., 1990). Zhang (1997), 
summarizing Chinese geologic, stratigraphic, and geochemical data, outlined a NE-trending belt of 
Middle Carboniferous to Early Permian andesitic volcanic breccia and tuffs in the eastern half of 
the Sino-Korean craton, suggesting a pre-Late Permian arc related to subduction; this belt is a direct 
continuation of the Triassic plutons of the Qinling (Figures 4.1, 4.4d). Permian and Triassic plutons 
also occur along the western edge of the Yangtze craton in the Xue Shan, Longmen Shan and in the 
Songpan-Ganze flysch (Figure 4.1). Notable is the NE trend of this Late Carboniferous-Triassic(?) 
magmatic arc, oblique to the present-day WNW trend of the Triassic suture in Tongbai-Hong’an-
Dabie. We suggest that the original trend of the suture in Tongbai-Hong’an-Dabie was modified by 
extension marked by the metamorphic core complexes in northern Yangtze craton and the 
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Mesozoic-Cenozoic extension in the southern Sino-Korean Hehuai basin, and by the clockwise 
rotation of the Yangtze craton (Figure 4.4c,d). The presence of probable subduction-related, late 
plutons (see the ~211 Ma age of Reischmann et al., 1990 from western Qinling) in the subducting 
plate (Yangtze) in Qinling can be explained by late overriding of a subducting slab by the clockwise 




















































































































     






     
     




































    









Figure 4.5: Cartoon summarizing the late Proterozoic-early Mesozoic assembly of the Qinling area (see also 
Figure 4.2 for a summary of the data). Grenvillian orogeny, involving Songshugou ophiolite 
emplacement, assembled the Yangtze craton and the lower Qinling microcontinent. Rifting at ~0.7 Ga 
affected the entire Yangtze craton and separated the lower Qinling unit from the Yangtze craton. Early 
Ordovician intra-oceanic arc formation (Erlangping-Danfeng-Heihe) was followed by accretion of the 
lower Qinling unit to the intra-oceanic arc and the Sino-Korean craton. Oceanward (southward in present 
coordinates) subduction beneath the northern Liuling unit established the Silurian-Devonian Liuling 
accretionary wedge and imprinted the Devonian Andean-type magmatic arc onto the Sino-Korean craton 
and the previously assembled Qinling collage. A subduction signature is again evident in the 
Carboniferous to Permian, when the Paleo-Tethys was subducted northward, forming the southern 
Liuling accretion complex, and on the Sino-Korean craton, producing andesitic magmatism. In the Late 
Permian-Early Triassic the leading edge of the Yangtze craton was subducted to >150 km and 
subsequently exhumed by crustal extension during clockwise rotation of the craton. 
 
 
4.5.4 Silurian-Devonian orogenesis: oceanic arc accretion and Andean arc 
The oldest Paleozoic orogenic event in the Qinling orogen was the formation of the Erlangping 
intra-oceanic arc at ~490-470 Ma (Early Ordovician). Subduction was either to the (present) south 
(Xue et al., 1996b) or to the north; here (Figures 4.2, 4.5) we adopt northward subduction, thus 
southward thrusting, as we assign a Kuanping (thus Sino-Korean) affinity to the upper Qinling unit, 
based on the dominance of marbles in both units. The probable location of coesite-bearing eclogite 
along the northern margin of the Qinling unit also supports a northward subduction. A back-arc 
basin may have occupied the intervening region between the intraoceanic arc and the Sino-Korean 
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craton prior to ~435 Ma when plutons related to the Silurian-Devonian magmatic arc intruded the 
Kuanping and the craton (see below); the intraoceanic arc thus became amalgamated to the craton 
between ~470-435 Ma. 
A magmatic belt straddled the Erlangping, Kuanping, Qinling, and, likely, the Xiong’er 
(southern Sino-Korean craton) units before 400 Ma (Figures 4.2, 4.5). The batholiths and related 
regional contact metamorphism pins the youngest ages of these units. Significantly, none of the 
400-Ma plutons crop out south of the Shang-Dan Fault, thus the Liuling unit was not part of this 
Silurian-Devonian collage. The northern part of the Liuling unit, which we correlate with Qinling 
unit, did, however, enjoy the same ~400 Ma regional metamorphism that affected the Kuanping-
Erlangping-Qinling units; depth of burial during this kyanite-sillimanite grade metamorphism was 
25-40 km. Silurian to Lower Devonian strata in the northern Liuling conglomerates received 
metamorphic detritus (Mattauer et al., 1985) from the Qinling and ~780 Ma and ~1.0 Ga detrital 
zircons (see above). We thus interpret the southern Sino-Korean craton, and units as far as south as 
the northern Liuling unit, as having been stitched together by the 400 Ma magmatic-metamorphic 
event and suggest that an Andean-type continental margin arc was built along the amalgamated 
southern margin of the Sino-Korean craton at this time; we place the subduction zone producing the 
Silurian-Devonian arc south of the northern Liuling unit. 
Late Ordovician (~445 Ma) through Early Carboniferous (~350 Ma) rocks are locally absent 
from the Sino-Korean craton in the Qinling area, probably reflecting uplift related to the formation 
of the Andean-style 400 Ma arc. The Douling unit was not influenced by this Devonian event, 
implying a structural break. During and after the formation of the magmatic arc, the southern 
margin of the Sino-Korean craton and attached Qinling collage were dissected by sinistral 
wrenching along the Lo-Nan and Shang-Dan shear systems, with deformation dated at 420-380 Ma. 
We assume that an oblique subduction imposed these spectacular transpressive wrench zones of 
Qinling; arc deformation is a common feature along active margins. 
Xue et al. (1996b) correlated the Qinling unit with the crystalline basement of the Yangtze 
craton. We follow them by assigning the lower Qinling unit a Yangtze affinity up until the late 
Proterozoic, when it was rifted from the Yangtze craton by the Neoproterozoic rift system in South 
China (Figures 4.2, 4.5). This rifting, dated at ~0.7-0.8 Ga, is probably related to the break-up of 
Rodinia (Li et al., 1995; 1999); both the lower Qinling unit and the Yangtze craton share the ~0.7-
0.8 Ga rifting ages. Assembly of the supercontinent Rodinia during the Grenville orogeny 
(Jinning(ian) orogeny in China; Li, 1999; Gao et al., 1990) at ~1.0 Ga supports the Qinling-Yangtze 
connection, as Grenville ages occur in both the lower Qinling unit and the Yangtze craton but are 
absent from the Sino-Korean craton. It also relates the probable 1.0 Ga eclogite-facies 
metamorphism within the Songshugou ophiolite to Grenvillian subduction. We object to a 
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Paleozoic Sino-Korean-Yangtze collision and the interpretation of Xue et al. (1996b) that a “highly 
attenuated marginal basin” formed along the northern Yangtze craton during the collision for three 
reasons. (1) Paleomagnetic data indicate that the Sino-Korean and Yangtze cratons were separated 
during the Silurian-Devonian (e.g., Huang et al., 2000). (2) Paleozoic ages that might be related to 
subduction beneath the Yangtze craton or to strong attenuation of the lithosphere, are absent from 
the Yangtze craton (also from the Douling unit). (3) Silurian-Devonian, ~400 Ma magmatic arc 
formation on the Sino-Korean craton and the southern abutting Qinling collage and Triassic HP and 
UHP metamorphism of the northern margin of Yangtze indicate northward subduction. 
Figures 4.2 and 4.5 summarize the data and our view of the late Proterozoic-early Mesozoic 
assembly of the Qinling area. Grenvillian orogeny, involving oceanic subduction with HP 
metamorphism and ophiolite emplacement (Songshugou ophiolite), assembled the Yangtze craton, 
including the lower Qinling microcontinent, into Rodinia. Rifting at ~0.7 Ga separated the lower 
Qinling unit from the Yangtze craton. Intra-oceanic arc formation (Erlangping-Danfeng-Heihe) 
between ~490-470 Ma was followed by the accretion of the lower Qinling unit to the intra-oceanic 
arc and the Sino-Korean craton. Oceanward (southward in present coordinates) subduction beneath 
the northern Liuling unit imprinted the ~400 Ma Andean-type magmatic arc onto the Sino-Korean 
craton and the previously assembled Qinling collage. Oblique subduction imposed the spectacular 
early Devonian left-lateral transpressive wrench zones. A subduction signature is again evident 
during the mid-Carboniferous to Late Permian on the Sino-Korean craton, when the Paleo-Tethys 
was subducted northward, producing the andesitic magmatism on the Sino-Korean craton, and 
assembling the Devonian-Permian accretionary complex of the southern Liuling unit. In the Late 
Permian-Early Triassic the leading edge of the Yangtze craton was subducted to >150 km and 
subsequently exhumed by crustal extension during clockwise rotation of the craton. 
 
4.6 Conclusions and outlook 
A north-south section from the Sino-Korean to the Yangtze cratons contains the Kuanping 
accretionary wedge; the Erlangping-Danfeng-Heihe intra-oceanic arc ophiolite; the upper Qinling 
unit, part of the Sino-Korean cover; the lower Qinling unit, Yangtze craton basement; the northern 
Liuling unit belonging to the lower Qinling unit; the southern Liuling unit, a Silurian-Permian 
accretion complex; a continental margin batholith built on the northern Liuling unit to the Sino-
Korean craton; the Douling unit, Yangtze basement; and the Yangtze craton. These units were 
assembled during the late Proterozoic-early Mesozoic. The ~1.0 Ga Grenvillian orogeny, involving 
oceanic subduction, high-pressure metamorphism, and Songshugou ophiolite emplacement 
assembled the Yangtze craton, including the lower Qinling unit, into Rodinia. Rifting at ~0.7 Ga 
separated the lower Qinling unit from the Yangtze craton. Intra-oceanic arc formation at ~470-490 
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Ma was followed by accretion of the lower Qinling unit to the intra-oceanic arc and the Sino-Korea 
craton. Oblique subduction beneath the northern Liuling unit imprinted a ~400 Ma Andean-type 
magmatic arc onto the Sino-Korean craton and the previously assembled Qinling collage, and 
imposed left-lateral transpressive wrench zones within the arc. Devonian-Permian Paleo-Tethys 
closure built the southern Liuling accretionary wedge locally incorporating Carboniferous eclogite 
and produced andesitic magmatism within the Sino-Korea craton, oblique to and farther into the 
interior than the Silurian-Devonian arc. In the Late Permian-Early Triassic the leading edge of the 
Yangtze craton was subducted to and exhumed from >150 km. The Triassic Yangtze−Sino-Korean 
suture is within the Liuling complex. 
Triassic Yangtze subduction imposed right-lateral transpressive slip onto pre-existing shear/fault 
zones (Lo-Nan, Shang-Xiang, Shang-Dan) in the central Qinling at 200-240 Ma, and heated the 
Erlangping, Qinling, Liuling, and Douling units to 100-300°C. A >300°C and <700°C thermal 
signature occurs in the Wudang blueschists of the Yangtze craton, and the absence of temperatures 
>300°C farther north implies that the Triassic event involved subduction and exhumation of the 
blueschists. The Wudang basement massif is a metamorphic core complex formed at ~230-235 Ma 
with <20 km of crustal thinning at an exhumation rate of ≥0.6 mm/yr. The dome was involved in a 
south-directed fold-thrust belt active into the Early Jurassic. Mapping has outlined several basement 
domes in the northern Yangtze craton (Wugong, Lu, Jiuling, Wudang, Hong’an-Dabie, 
Zhangbaling) with proven or suspected crustal extension origin and Triassic age. The extensional 
setting is related to syn-convergence extensional exhumation of the subducted northern Yangtze 
craton. 
Cretaceous reactivation of the Paleozoic-Triassic Qinling-Dabie orogen started with NW-SE 
(trans)tension, coeval with Early Cretaceous crustal extension and sinistral transtension in the 
northern Dabie Shan. Only minor Early Cretaceous deformation occurred in the Qinling. However, 
the Shagou shear zone in the western Qinling Shan is interpreted as a kinematic and time equivalent 
of the Xiaotian-Mozitang fault zone of northern Dabie, and of other Early Cretaceous deformation 
in the Qinling. It is suggested that widespread Early Cretaceous strike-slip and extensional 
deformation in eastern Asia, coeval with that in Qinling-Hong’an-Dabie, was the result of the 
combined effects of the Siberia-Mongolia - Sino-Korean and Lhasa-West Burma - Qiangtang-
Indochina collisions, and Pacific subduction and related arc magmatism. The characteristic regional 
structural feature of Cretaceous deformation is a clockwise change in the orientation of the sub-
horizontal stress axes; the trend of the principal extension direction changed from NW to NE. It is 
suggest that the geodynamic situation changed in southeastern Asia through the Cretaceous: an 
Early Cretaceous Andean-type continental magmatic arc, with widespread Early Cretaceous 
magmatism and back-arc extension, was followed in the Late Cretaceous by contraction related to 
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the collision of Yangtze-Indochina Block with the West Philippines Block. The collision induced an 
overall NW-SE contraction and NE-SW extension with sinistral slip on (N)NE-trending faults (e.g., 
the Tan-Lu fault of central-eastern China) and dextral slip along WNW-trending fault zones within 
the Qinling-Dabie orogen. 
The Qinling-Dabie orogen is sliced by ESE-trending Cenozoic faults that have governed the sub-
division of the rock units that comprise the Qinling belt. Commonly mineralized strike-slip and 
normal faults associated with Eocene half-graben basins record a Paleogene field with NNE-SSW 
contraction and WNW-ESE extension. The best direct dating of this faulting comes from 
potassium-feldspar thermochronology at 55-50 Ma. Cumulative Cenozoic offsets are tens of km. 
The Paleogene stress field was a result of the combined effects of Pacific subduction-back-arc 
extension and the India-Asia collision. A Neogene(?) stress field is characterized by normal faults 
and a NNE-trend principal sub-horizontal extension. A Pleistocene(?)-Quaternary NW-SE 
extension and NE-SW contraction mostly produced left-lateral strike-slip faults. These late 
Cenozoic faults highlight widespread reactivation of the Qinling belt over a N-S distance of ≥200 
km, from the Weihe graben in the north to the Wudang fault in the south. The average NW-SE 
(142°) late Cenozoic extension direction obtained for the Qinling area is within error identical to the 
direction (134°) obtained for Hong’an-Dabie (Jinzhai and Tan-Lu fault zones) and is similar to 
active NW-SE stretching imposed by the India-Asia collision. 
Several first-order problems remain to be addressed within the Qinling-Hong’an-Dabie orogen. 
(1) The Triassic suture between the Yangtze and Sino-Korean cratons has been placed into the 
Liuling unit by geochronologic and petrologic constraints; this is an indirectly defined suture and 
geological mapping must precisely evaluate its surface manifestation. (2) Carboniferous-Permian, 
Paleo-Tethyan accretionary wedge and oceanic lithosphere remains have only locally been 
recognized; whether this is due to insufficient documentation and/or specific plate-tectonic 
processes (e.g. subduction erosion) or characteristic of UHP orogeny remains to be addressed. The 
Liuling unit holds the key for defining both the Paleozoic and the Mesozoic sutures and 
accretionary wedges in Qinling-Dabie. Furthermore, the magmatic arc that resulted from 
Carboniferous-Permian Paleo-Tethys subduction has to be firmly established (Figure 4.4d). (3) A 
quantitative understanding of the geometry of the Paleozoic and Mesozoic thrust belts in the 
Qinling is lacking; in particular, the structures related to the Triassic subduction of the leading edge 
of the Yangtze craton prior to its exhumation from >150 km are obscure (Figure 4.4c). It is to be 
expected that the cold subduction geotherm (e.g., Liou et al., 2000) prevented extensive ductile flow 
in the subducting material, favoring discrete brittle faults, which are difficult to document in terrains 
pervasively deformed by subsequent ductile flow during exhumation. (4) Although buoyant wedge 
2D (e.g., Ernst, 2001) and 3D (Hacker et al., 2000) extrusion models have been published for the 
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Hong’an Dabie section of the orogen, a model providing an unifying exhumation scenario for all 
Triassic HP and UHP rocks of the Qinling-Dabie-Su Lu area has to be developed. Building on data, 
partly summarized here, this model has to include plate tectonic constraints (e.g., an irregular plate 
margin, clockwise rotation of the Yangtze craton during collision and exhumation), structural 
constraints (e.g., pervasive extensional deformation and a major component of orogen-parallel rock 
flow during exhumation), petrologic constraints (e.g., variable subduction depth along strike), and 
geochronological constraints (e.g., early Triassic exhumation from mantle to lower crustal depth). 
(5) The causes of Late Jurassic-Early Cretaceous extension and sinistral transtension and the Late 
Cretaceous dextral wrenching, folding and transtensional rifting, stretching from southern Mongolia 
(e.g., Graham et al., 2001) to eastern Asia, and of the coincident ~90° change of the stress field 
remain speculative (Figure 4.4 a,b). Addressing these problems requires better temporal and 
regional understanding of Cretaceous deformation of all of Asia and the dynamics of plate tectonic 
processes along the Asian margins. Early Cretaceous magmatism, most probably unrelated to the 
~100 Ma older Triassic Qinling-Dabie orogeny, stretches >2000 km into the Asian continental 
interior; speculative links between low-angle subduction of young Pacific crust and preferred 
magma accent along the Qinling-Dabie belt remain to be established. Similarly, little is known 
about the Yangtze - West Philippines Block collision. (6) Discussion still continues on the role of 
the India-Asia collision on Cenozoic deformation in eastern Asia; resolution requires a better 
temporal and regional understanding of geology within Asia and along its margins, in particular the 
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5 Zusammenfassung der Ergebnisse und Schlussfolgerungen 
5.1 Kinematik 
5.1.1 Triassisch-jurassische Deformation – NCB-SCB Kollision 
Nach Breitkreuz et al. (1994) setzte die Hauptfaltung im östlichen Yangtze Vorland in der 
Mitteltrias (240-230 Ma) ein. Paläospannungsanalyse und die Orientierung der Faltenachsen zeigen, 
dass diese in einem Spannungsfeld mit NW-SE gerichtetem σ1 (mit σ1≥σ2≥σ3, 
Hauptnormalspannungen) unter Bildung sowohl NW als auch SE vergenter Überschiebungen 
erfolgte. Der regionalen Faltung im Vorland ging möglicherweise eine NE-SW Extension voraus 
welche aber nur an zwei Lokationen anhand von Extensionsadern gut dokumentiert werden konnte 
(Spannungsfeld 1; Abb. 5.1.1). Die Richtung der größten Hauptnormalspannung (σ1) rotierte 
während Trias-Jura im Uhrzeigersinn von NW auf (N)NE (Spannungsfelder 2 und 3; Abb. 5.1.1). 
Triassische NW-SE Verkürzung im östlichen Vorland korreliert wahrscheinlich mit 
kollisionsbezogener dextraler Transpression im Qinling. 
Die triassische (Mindest-)Verkürzung des Yangtze Vorland Falten- und Überschiebungsgürtels 
liegt in der Größenordnung von 25 ± 5 %. Die möglichen tektonischen Klippen bei Chaohu (siehe 
Kapitel 2.1) sind nicht ausreichend belegt und basieren auf chinesischen geologischen Karten. Die 
verbreitete Ablagerung mitteltriassischer Brekzien und Siliziklastika im östlichen und südlichen 
Vorland auf ausschließlich unter- und mitteltriassische Karbonate widerspricht einer bedeutenden 
allochtonen Überdeckung. Der regionale Abscherhorizont des Falten- und Überschiebungsgürtels 
wird unterhalb spätproterozoischer Sedimente (oberes Sinian) vermutet, da diese Einheiten in den 
allgemeinen Faltenbau miteinbezogen sind; östlich des Yangtze Flusses sind auch die obersten 
kristallinen Basementeinheiten mitgefaltet, was auf einen tiefer gelegenen Abscherhorizont 
innerhalb des Basements hindeutet. 
Die charakteristische Rotation der größten Hauptnormalspannung (σ1) im Vorland und die 
gleichsinnige Rotation bzw. Überprägung der Streckungslineationen im Hong´an-Dabie legen einen 
räumlich-zeitlichen Zusammenhang zwischen Exhumierung und Vorlanddeformation sehr nahe. 
Nach dieser Vorstellung bewirkte die kontinuierliche Änderung der Exhumierungsrichtung von 
initial SE nach (W)SW die oroklinale Krümmung im Übergang vom östlichen zum südlichen 
Vorland. 
Die von verschiedenen Exhumierungsmodellen (z. B. Chemenda et al., 1995) aus geometrischen 
Gründen postulierte Überschiebung von HP-/UHP-Gesteinen auf Vorlandsedimente konnte nicht 
belegt werden. Die HP-Gesteine tauchen im Gegenteil strukturell im S und E unter die 
Vorlandsedimente ab. Deshalb wird vorgeschlagen, dass der gesamte Yangtze Vorland Falten- und 
Überschiebungsgürtel im Hangenden einer (?mittel-)krustalen Abscherzone diese geometrisch 
erforderliche Einengungskomponente erfüllt. Insgesamt erfolgte die Exhumierung des UHP-
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Orogens aber im wesentlichen durch lithosphärenmaßstäbliche Extension entlang einer Scherzone 
am Top des exhumierenden Krustenkeiles (Hacker et al., 2000). 
 
5.1.2 Früh- bis spätkretazische Deformation – Intraplattentektonische Reaktivierungen und 
Izanagi Suduktion 
Im südlichen und östlichen Vorland intrudierten Granitoide (Diorite bis Syenite) in die 
sedimentäre Hülle und bewirkten Kontaktmetamorphose und vereinzelt duktile Deformation des 
Nebengesteins. Die zahlreichen Fe-Cu-Lagerstätten des unteren Yangtze-Tals sind im wesentlichen 
Skarnlagerstätten und auf die unterkretazischen Intrusionen in die mächtigen paläozoischen und 
triassischen Karbonatsedimente zurückzuführen. Die duktile Deformation in kontaktmetamorphen 
Marmoren mit faltenachsenparalleler Streckungslineation, mafisch-intermediäre Gangintrusionen 
und die Störungsflächenanalyse belegen intrusionsbezogene (W)NW-(E)SE Extension 
(Spannungsfeld 4; Abb. 5.1.1). 40Ar/39Ar Hellglimmeralter von ca. 145 Ma von zwei Granitoiden 
aus dem südlichen Vorland (Ratschbacher et al., 2000) legen nahe, dass (W)NW-(E)SE Extension 
um ca. 145 Ma einsetzte. Ein NE-streichender mafischer Gang im östlichen Vorland ergab ein K-Ar 
Gesamtgesteinsalter von 135 ± 5 Ma. Diese Deformation erfolgte im wesentlichen an W(NW)-
streichenden sinistralen Störungen, die subparallel zum Xiaotian-Mozitang-Detachment streichen. 
Dextrale, Tan-Lu parallele Störungen treten untergeordnet auf. Umbiegende Fasern auf zahlreichen 
WNW-streichenden Störungen im Dabie wie im Vorland weisen auf eine kontinuierliche Änderung 
der subhorizontalen Extensionsrichtung im Uhrzeigersinn hin: von NW-SE zu NE-SW Extension 
mit transienter N-S Extension. Die sinistrale Transtension bewirkte relativ zum NCB eine Extrusion 
des SCB nach E. 
Die NE-SW Transtension war im östlichen Vorland von NW-SE Transpression begleitet, die die 
offene Faltung der jurassischen Sedimente und Vulkanite zur Folge hatte (Spanunngsfeld 5; Abb. 
5.1.1). Die NE-SW-streichenden antiformen Basement-Dome (Lushan- und Dongling-Dom) 
wurden in diesem Spannungsfeld deformiert und exhumiert. Die Datierung synkinematischer 
Hellglimmer vom Dongling-Dom ergab ein 40Ar/39Ar Alter von 124.8 ± 1.2 Ma und belegt NE-SW 
Extension zu dieser Zeit. Im Gegensatz zum östlichen Vorland sind die dextralen, WNW-
streichenden Störungen im Qinling transtensional mit divergenten Übertritten. Dies könnte auf 
einen Wechsel von transpressiv zu transtensiv im Streichen einer größeren WNW-streichenden 
Blattverschiebungszone von E nach W hindeuten. Strukturbezogene Altersdaten vom Dabie Shan, 
Lushan- und Dongling-Dom dokumentieren, dass der charakteristische Wechsel der 
subhorizontalen Extensionsrichtungen in Ostchina um 127 ± 2 Ma erfolgte. 
Was waren die geodynamischen Ursachen für diesen Wechsel des Spannungsfeldes? Die 
ostwärts gerichtete Extrusion des SCB war wahrscheinlich eine Folge von Kollisionen im NW und 
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SW des SCB und NCB (siehe Kapitel 4 und Ratschbacher et al., 2000). Ein frühkretazischer 
magmatischer Bogen bildete sich in SE China und Korea während der Subduktion der Izanagi Platte 
aus. Im Backarc-Bereich herrschte vermutlich SE-NW Extension vor. Subduktion der Izanagi Platte 
wurde abgelöst durch die Kollision mit dem `West-Philippinen-Block´, die um ca. 127 Ma die NE-
SW Transtension im Qinling-Dabie Orogen und im Vorland induzierte. 
Aus folgenden Gründen wird angenommen, dass die Tan-Lu am Ostrand des Dabie Shan in der 
Unterkreide nicht aktiv war: (1) Während der frühkretazischen NW-SE Transtension müsste die 
NE-streichende Tan-Lu eine Abschiebung gewesen sein mit mächtigen unterkretazischen 
siliziklastischen Sedimenten im Hangenden. Diese unterkretazischen Sedimente fehlen allerdings 
östlich der Tan-Lu wie auch im gesamten östlichen Vorland. Dies steht im Gegensatz zum 
nördlichen Vorland, wo im Hehuai-Becken km-mächtige unterkretazische Sedimente anzutreffen 
sind und auf starke tektonische Aktivität entlang der XMF schließen lassen. 
(2) Die Abkühlung im Dabie wird von der XMF bestimmt, über die die stärksten 
Abkühlgradienten verlaufen (Ratschbacher et al., 2000). Im Gegensatz dazu schneidet die Tan-Lu 
die Isothermen im östlichen Dabie Shan ab. Dieser Befund lässt darauf schließen, dass die 
frühkretazische Abkühlung älter war und das Einsetzen der Tan-Lu vordatiert. Es ist aber sehr 
wahrscheinlich, dass die Tan-Lu nordöstlich vom Dabie Shan konjugiert zur XMF aktiv war und 
während der anschließenden NE-SW-Transtension sinistral reaktiviert wurde. Die Aktivität an der 
Tan-Lu östlich vom Dabie Shan setzte wahrscheinlich erst ab ca. 90 Ma im östlichen Dabie Shan 
ein (siehe auch Ratschbacher et al., 2000). 
 
5.1.3 Spätkretazisch-känozoische Deformation – Indien-Asien Kollision und Rifting 
Die Apatit-Spaltspurenalter vom Dabie Shan liegen zwischen 90 und 40 Ma. Sie datieren eine 
Abkühlung von der mittelkretazischen Aufheizung des Dabie Basement um 110-90 Ma. Im 
östlichen Vorland treten ältere Spaltspurenalter auf, die die unmittelbare Abkühlung von der 
frühkretazischen Aufheizung datieren. Die Konturierung der Apatit-Spaltspurenalter vom Dabie 
und den Vorländern ergab eine Überlagerung zweier Abkühlungstrends: (1) Die Isochronen eines 
mittelkretazischen (110-70 Ma) Gradienten streichen NW-SE, subparallel zum Dabie-Südrand und 
zum frühkretazisch aktiven Xiaotian-Mozitang-Detachment, und belegen relative Exhumierung des 
Dabie Shan gegenüber seinem Vorland. (2) Die Isochronen eines spätkretazisch-frühkänozoischen 
(70-40 Ma) Gradienten streichen hingegen NE-SW und weisen auf eine NW-SE gerichtete 
Abkühlung hin. Der Wechsel in den Abkühlungsmustern vollzog sich um 75 ± 5 Ma und ist auf 
eine Änderung des regionalen Spannungsfeldes zurückzuführen. Das ältere Abkühlungsmuster wird 
der oben beschriebenen NE-SW Transtension zugeordnet. NE-SW Transtension in Ostchina war 
somit wahrscheinlich aktiv zwischen ca. 127 Ma und ca. 75 Ma. Dieses Spannungsfeld wurde 
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wahrscheinlich durch die Kollision des `West-Philippinen-Blocks´ mit dem aktiven Kontinentalrand 
SE-Chinas hervorgerufen. Hierbei wurden im Intraplattenbereich NNE- und WNW-streichende 
Blattverschiebungen (re-)aktiviert. Die eozänen (55-40 Ma) Apatit-Spaltspurenalter datieren 
wahrscheinlich den Einfluss der Indien-Asien-Kollision durch Reaktivierung des Dabie Orogens 
innerhalb des bestehenden Spannungsfeldes mit weiterer Exhumierung und Abkühlung im 
Liegenden der Tan-Lu. 
In spätkretazisch-frühkänozoischen Rotsedimenten des östlichen und südlichen Vorlandes 
konnten fünf aufeinanderfolgende Spannungsfelder ermittelt werden, die sich ebenfalls in allen 
älteren Sedimenten nachweisen ließen. 
Spannungsfeld 6 (Abb. 5.1.1): Die spätkretazisch-frühkänozoischen Rotsedimente Ostchinas 
treten zumeist in Halbgrabenstrukturen entlang NE-streichender Störungen auf. Die 
Paläostressanalyse etabliert NE-SW Kontraktion und NW-SE Extension (σ1: 045 ± 20°, σ3: 135 ± 
20°, 16 Stationen). Die wesentlichen aktiven Störungen waren die Tan-Lu und die Störungen, die 
den Lushan- und den Dongling-Dom als Abschiebungen jeweils nach SE begrenzen und im 
Liegenden die Basementdome weiter exhumierten. In dieses Spannungsfeld intrudierten frühtertiäre 
Basalte als Lagergänge in die Rotsedimente. Dieses Spannungsfeld wird dem oben erwähnten 70-40 
Ma Abkühlungsmuster zugeordnet. Apatit-Spaltspurenalter vom Dongling- und Lushan-Dom (~73 
Ma und ~57 Ma) datieren abkühlungsbezogene NW-SE-Extension. 
Spannungsfeld 7 (Ab. 5.1.1): N-S Kontraktion (σ1: 182 ± 18°, 8 Stationen) reaktivierte die 
meisten (N)NE-streichenden Störungen (siehe Spannungsfeld 1) sinistral-transpressiv und führte 
vereinzelt zu einer Verkippung der Rotsedimente in nördliche Richtung. Diese Reaktivierung fand 
wahrscheinlich während des Eozän-Oligozän statt. Im Qinling erfolgte dagegen im Paläogen NNE-
SSW Kontraktion mit begleitender WNW-ESE Extension, die wahrscheinlich zeitlich korreliert mit 
den Spannungsfeldern 1 und 2 aus dem Vorland und dem Dabie Shan. 
Spannungsfeld 8 (Abb. 5.1.1): Nur wenige Stationen weisen auf eine dextral transpressive 
Reaktivierung von Tan-Lu parallelen Störungen während E-W-Transpression (σ1: 080 ± 6°, 5 
Stationen) hin. 
Spannungsfeld 9 (Abb. 5.1.1): Mächtige Calcitadern und assoziierte Abschiebungen in eozänen 
Konglomeraten belegen bedeutende post-eozäne NE-SW Extension (σ3: 054 ± 16°, 9 Stationen). 
Vereinzelt sind in Störungsbrekzien von NW-streichenden Abschiebungen Rotsedimente 
eingearbeitet, was auf eine ehemals weitreichendere Verbreitung von Rotsedimenten im Vorland 
schließen lässt. 
Spannungsfeld 10 (Abb. 5.1.1): Aktive Blattverschiebungen und Abschiebungen entwickeln sich 
seit jüngster Zeit unter allgemeiner NW-SE Extension (σ3: 132 ± 12°, 7 Stationen). Ältere 
Störungen (Spannungsfelder 6, 7) werden reaktiviert. Neogene- und quartäre Sedimente sind  













































Abb. 5.1.1: Schematische Darstellung der mesozoisch-känozoischen Spannungsfelder in Stereoplots 
(flächentreue Projektion in untere Halbkugel). Die Rauten-Symbole (Spannungsfeld 1) stellen 
Extensionsadern dar. Siehe Kapitel 2.1 und 2.2 für ausführliche Diskussion. 
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entlang dieser Störungen konzentriert (z.B. Tan-Lu) und bedecken diskordant kretazisch-
känozoische Rotsedimente. Das Yangtze Tal im östlichen Vorland verläuft subparallel zu diesen 
Störungen, was für diesen Abschnitt einen tektonisch vorgegebenen Flussverlauf nahe legt. Die 
Tan-Lu ist eine dextrale Schrägabschiebung und die Jinzhai Störung am Nordrand des Dabie Shan 
sowie die WNW streichenden Störungen im Qinling sind sinistral transtensiv. Dieses 
Spannungsfeld ist nach Bellier et al. (1991) seit 6 ± 3 Ma aktiv. 
 
5.2 Synorogene Sedimente 
5.2.1 Stratigraphie, Petrographie und Deformation 
Die synorogenen Sedimente wurden von der Mitteltrias bis in den Mitteljura abgelagert. Grobe 
Karbonatbrekzien und Siliziklastika markieren den Beginn der Faltung in der Mitteltrias. Die 
basalen, glimmerführenden, rotvioletten Siltsteine der Tongtonjian Formation aus der späten 
Mitteltrias erreichen eine Mächtigkeit von ca. 1700 m. Sie stellen wahrscheinlich ehemalige Sabkha 
Sedimente dar. Sie gehen über in geringmächtige (<50 m) ockerfarbene Sand- und Siltsteine der 
Obertrias. Die mehr als 1400 m mächtigen jurassischen, grau-grünen und ockerfarbenen 
Siliziklastika wurden unter fluviatil-lakustrinen Bedingungen diskordant auf die triassischen 
Einheiten abgelagert. Die nach oben feiner werdenden jurassischen Sedimente weisen auf 
mehrfache Hebungen des Liefergebietes relativ zum Vorland hin. 
Nach dem Punktzählverfahren handelt es sich bei neun von zehn jurassischen Sandsteinproben 
um Quarzarenite und Grauwacken. Gesteinsfragmente sind in allen Proben relativ wenig 
vorhanden. Von diesen sind die sedimentären Gesteinsfragmente in den meisten Proben am 
häufigsten vertreten. Zwei Proben enthielten relativ viel vulkanische Gesteinsfragmente, die bereits 
den Beginn der Extrusion der Vulkanite am Ende des Mitteljura markieren. Die Quarzarenite 
werden einerseits auf die Wiederaufarbeitung siliziklastischer Sedimente (Sinian, Silur-Devon) 
sowie andererseits auf einen Klimawechsel von (semi-)ariden zu humiden Bedingungen 
zurückgeführt. Erhöhte Niederschlagsmengen könnten hierbei zu einer Reduzierung instabiler 
Komponenten (Gesteinsfragmente, Feldspäte) durch Erosion und fluviatilen Transport beigetragen 
haben. 
Synsedimentäre Deformation durch schichtparallele Scherung der noch weitestgehend 
unverfestigten Sedimente ist häufig in den Jura-Sandsteinbrüchen zu beobachten. Die gesamte 
jurassische Abfolge ist leicht gefaltet mit NE orientierten Faltenachsen, die auf die mittelkretazische 
(127-75 Ma) Transpression zurückzuführen sind. 
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5.2.2 Geochronologische Daten und Einzelkornuntersuchungen 
5.2.2.1 Apatit-Spaltspurenalter 
Die Spaltspurendatierungen der detritischen Apatite aus Trias-Jura Sedimenten ergaben 
wesentlich jüngere Alter als die Sedimentationsalter. Dementsprechend liefern die Spaltspurenalter 
der Apatite aus den Trias-Jura Sedimenten keine Informationen zur Provenanz der Trias-Jura 
Sedimente. 
Die Apatit-Spaltspurenalter der Trias-Jura Sedimente im östlichen Vorland liegen (mit einer 
Ausnahme) zwischen 110-90 Ma. Eine Trias-Sandstein-Probe lieferte ein oberjurassisches Alter 
(158 ± 14 Ma) und ist damit vor der frühkretazischen magmatischen Aktivität auf unter 100° C 
abgekühlt. Deshalb wird hier eine Zurücksetzung des Spaltspurenalters aufgrund mächtiger 
sedimentärer Bedeckung (3-5 km mächtige Trias-Jura Sedimente) und Erosion vor der 
spätjurassisch-kretazischen Aufheizung angenommen. Die nachfolgende kretazische Aufheizung 
setzte die Spaltspurenalter der anderen Proben zurück. Temperatur-Zeit(T[t])-Pfad Modellierungen 
einiger dieser Proben machen eine langsame Abkühlung von der kretazischen Aufheizung 
wahrscheinlich. Mittelkretazische Faltung (zwischen 127 und 75 Ma) der synorogenen Sedimente 
könnte ebenfalls zu Exhumierung und Abkühlung beigetragen haben. 
Zwei Sediment-Proben aus dem südlichen Vorland ergaben statistisch ununterscheidbare Apatit-
Spaltspurenalter von ca. 65 Ma mit einer nahezu identischen thermischen Geschichte, die als 
verstärkte Exhumierung zwischen 55 und 30 Ma interpretiert werden kann. 
 
5.2.2.2 Detritische Hellglimmer und Kalifeldspäte 
Die detritischen Hellglimmer aus den jurassischen Sedimenten lieferten überwiegend triassisch-
jurassische 40Ar/39Ar-Einzelkornalter und belegen, dass das Dabie-Orogen im Jura ein 
Hauptliefergebiet war. Die gewichteten Durchschnittsalter der jeweils jüngsten detritischen 
Einzelkornalter liegen zwischen 192 und 184 Ma. Diese Einzelkornalter bilden eine Obergrenze für 
das jeweilige Sedimentationsalter und zeigen, dass der überwiegende Teil der jurassischen 
Sedimente im mittleren Jura (ca. 190-160 Ma) abgelagert wurde. Das Durchschnittsalter der jeweils 
ältesten triassischen Hellglimmer von 240 ± 5 Ma datiert in guter Übereinstimmung mit den 
SHRIMP U-Pb Zirkonaltern der innersten Zirkonanwachssäume vom Hong´an-Dabie Orogen den 
Beginn der Exhumierung. 
Die triassischen Sedimente wurden zwischen 120 und 130 Ma über die 40Ar/39Ar-
Schließungstemperatur (350 ± 50° C) der Hellglimmer aufgeheizt. Die jurassischen Sedimente 
blieben unterhalb von 350 ± 50° C, kühlten im östlichen Vorland aber erst um ca. 100 Ma auf unter 
100° C ab. Detritische 40Ar/39Ar-Kalifeldspat- und Apatit-Spaltspurenalter einer Probe zeigen, dass 
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die jurassischen Sedimente um ca. 105 Ma unter 200° C und erst um ca. 65 Ma auf unter 100° C 
abkühlten. 
Ca. 70 % der detritischen Hellglimmer wiesen relativ niedrige Si-Gehalte (3,0-3,3 Si-Atome pro 
Formeleinheit) auf. Relativ hohe Si-Gehalte (3,3-3,64 Si-Atome pro Formeleinheit) bei ca. 30 % der 
detritischen Hellglimmer belegen, dass bereits im Mitteljura HP- und UHP-Gesteine erodiert 
wurden. Jurassische Oberflächenexposition der grün- bis blauschieferfaziellen Gesteine des 
Wudangshan konnte ebenfalls anhand charakteristischer Gerölle in jurassischen Sedimenten 
nachgewiesen werden. Diese Befunde zeigen, dass die HP-/UHP-Gesteine vor der kretazischen 
thermisch-tektonischen Reaktivierung, zumindest teilweise, an der Oberfläche exponiert waren. Ca. 
60-80 Ma nach dem Metamorphose-Höhepunkt waren die mindestens 80 km tief versenkten 
Krustengesteine wieder an der Oberfläche. Daraus ergibt sich eine durchschnittliche 
Exhumierungsrate von mehr als 1 mm/a. 
 
5.2.2.3 Detritische Zirkone 
Detritische Zirkone wurden mit der 207Pb/206Pb Evaporationsmethode datiert. Die meisten 
Zirkone ergaben proterozoische Alter. Phanerozoische Zirkonalter treten gehäuft auf bei ca. 430 
Ma, ca. 280 Ma und ca. 220 Ma. Eine Trennung in Zirkonpopulationen nach äußerlichen 
Merkmalen erwies sich als nicht sinnvoll, da die meisten Zirkone durch sedimentären Transport 
kantengerundet oder fragmentiert wurden. Die Farben der Zirkone waren aufgrund ihrer 
Uniformität nicht aussagekräftig hinsichtlich möglicher Zirkonpopulationen. Die Zirkonalter 
konnten den nördlichen Liefergebieten `Yangtze Basement´ und `Dabie Orogen´ sowie den 
südlichen Liefergebieten `Cathaysia Basement´ und `Südchinesischer Faltengürtel´ zugeordnet 
werden. Dies stimmt mit den Ergebnissen der detritischen Hellglimmerdatierungen überein, die 
ebenfalls einen Anteil aus den südlichen Liefergebieten anzeigen. Die Abwesenheit archaischer 
Zirkone macht eine denkbare Provenanz vom NCB eher unwahrscheinlich. 
Die Datierung detritischer Zirkone mit der Evaporationsmethode ergab nur wenig Hinweise auf 
eine Oberflächenexposition von HP-/UHP-Gesteinen. Dies ist sicherlich dem Umstand geschuldet, 
dass metamorphes Zirkonwachstum weitestgehend auf die Bildung von Anwachssäumen 
beschränkt war sowie der Tatsache, dass bis jetzt kein synkollisionaler bzw. exhumierungs-
bezogener Magmatismus nachgewiesen werden konnte. 
Die 207Pb/206Pb Datierung von Einzelzirkonen des Yangtze Basements ergab drei Altersgruppen: 
2.3-2.38 Ga, 2.03-1.96 Ga und 800-690 Ma. Während die zwei jüngeren Altersgruppen bekannten 
Ereignissen im Yangtze Kraton zuordbar sind, sind die ältesten Zirkone entweder diskordant und 
durch nicht rezenten Bleiverlust verjüngt worden oder belegen ein bis dato noch nicht bekanntes 
thermisch-tektonisches Ereignis im Yangtze Kraton. 
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Appendix 1. Methods of fault slip analysis and definition of stress tensor groups 
In the course of our structural studies, fault-slip data were collected from outcrops of known or 
assumed age. Each station is an outcrop of up to quarry size with uniform lithology. Sense of slip 
along the faults was deduced from kinematic indicators, e.g., offset markers, fibrous minerals grown 
behind fault steps, Riedel shears, tension gashes. Because errors in slip sense determination may 
have severe effects on the calculation of principal stress axes, a confidence level was assigned to 
each slip sense datum. These levels are recorded in the style of the arrowheads expressing the slip 
direction of the hanging wall block in the fault slip data diagrams, thus allowing judgment of the 
quality of the database. Surface morphology of the slickensides (e.g., fiber- or stylolite-coated or 
polished) and fault size, classified qualitatively based on an estimate of the displacement and the 
lateral extent of the fault, were recorded. The aim was to discriminate first-order faults and to 
enable a comparison of faults measured in outcrops with those inferred from mapping. Indications 
of multiple slip were recorded, and the relative chronology was used for separation of heterogen-
eous raw data fault sets into subsets. Overprinting relationships such as consistent fault 
superposition, overgrowths of differently oriented fibers, or fibers with changing growth direction 
guided the assignment of the subsets to relative age groups. The raw data usually contain several 
fault slip sets with incompatible slip sense but with consistent fault superposition, which were used 
as the geological constraint for separation. Note, however, that the subsets may contain 
incompatible data. The latter are included in the stereograms but excluded from the calculations of 
the stress axes. The derivation of an absolute chronology of faulting events is based on the 
relationship of faulting to the known age of a rock, the absolute age of its last metamorphism, or a 
rapid thermal change indicated by thermochronology. Faulting was always evaluated in relation to 
folding and any sign of post-faulting folding was recorded (e.g., rotated conjugate fault sets with 
one principal stress direction normal to tilted bedding). Rotations around bedding and foliation have 
been applied to several faults sets (see e.g. Plate 4.5), but minor rotations (<20°) were not 
performed, as we are more interested in the kinematics/dynamics of faulting than in exact stress 
field orientations. We used the computer program package of Sperner et al. (1993) and Sperner and 
Ratschbacher (1994) for fault slip analysis to calculate the orientation of principal stress axes and 
the reduced stress tensors (e.g., Angelier, 1984). Out of this package we obtained stress axes by the 
“pressure-tension (P-B-T) axes” method and calculated stress tensors by the “numerical dynamic 
analysis”. In addition to stress orientation the computation of the reduced stress tensor determines 
the ratio R, which expresses the relationship between the magnitudes of the principal stresses. 
Extreme values of R correspond to stress ellipsoids with σε2 = σ3 (R = 0) or σ1 = σ2 (R = 1). The 
quality and the quantity of field data determined the selection of the method used for calculation. The 
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P-B-T axes method was used with scarce data and where insufficient time was available in the field 
for careful analysis of fault and striae characteristics. 
 
Appendix 2. Petrographic analysis by point-counting 
550 to 580 grains from each of 10 thin sections were counted by using a half-automatic 
ELTINOR (Carl Zeiss) point counter. Point spacing was 0.2 to 0.4 mm on each line, depending on 
the grain size. Equally spaced lines all over the thin section were used. Grains were classified as 
monocrystalline quartz (Qm), polycrystalline quartz (Qp), plagioclase (P), potassium feldspar (K), 
and lithic fragment (L). The lithic fragments were further subdivided into metamorphic (Lm), 
volcanic (Lv), and sedimentary (Ls) lithic grains (Table 3.2; all others were counted as 
“miscellaneous” (mis). 
Monocrystalline particles were counted as single mineral grains, whereas polycrystalline 
particles were counted as lithic fragments. Lithic fragments are, however, restricted to aphanitic 
microcrystalline materials smaller than 50 µm. Grains  larger than 50 µm were counted as mineral 
grains, even if they apparently constituted lithic fragments. This modification affected only the 
counting of polycrystalline quartz fragments, which were counted as single grains if they exceeded 
50 µm. The polycrystalline quartz fraction (Qp) therefore represents principally chert or micro-
quartzite fragments. 
Quartz, plagioclase, and potassium feldspar were distinguished by the presence or absence of 
twinning, tartan twinning, perthitic texture and differing response to alteration. Because of the 
strong alteration, staining was not applied to the samples. Grains counted as quartz-mica tectonites 
(Lm) show a preferred planar fabric that was used to differentiate them from undeformed quartz-
mica aggregates (Ls). Many polycrystalline quartz aggregates (counted as single grains) show 
distinctive deformation textures like undulose extinction, deformation lamellae, irregular grain 
boundaries, and the presence of subgrains. This indicates a tectonometamorphic source area 
(recycled orogen provenance). Volcanic lithic fragments (Lv) were recognized by the occurrence of 
microlithic or ophitic texture. 
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Appendix 3. Si-in-phengite microprobe analysis 
White micas were analyzed at the University of Freiberg with a JEOL JXA-8900R electron 
microprobe with five spectrometers at 15 kV acceleration voltage and a beam current of 20 nA. The 
diameter of the electron beam was 3 µm, counting times were set 20 s for Si, Al, Mg, Ca, Ba, and 
K, and 30 s for Fe, Na, Mn, and Ti. The standard sets of CAMECA and of MAC TM were used. In 
addition a JEOL JSM-6400 Scanning Electron Microscope was used with an acceleration voltage of 
20 kV and a beam current of 400 pA. During five iterations the take-off angle was 40 degrees, and 
peak measurements lasted 60 s. The white micas analyzed were solid solutions of the end-members 
muscovite, celadonite, paragonite, and margarite. From the celadonitic (Al[VI] + Al[IV] Æ (Mg, 
Fe)[VI] + Si[IV]), paragonitic (K[IV] Æ Na[IV]), and margaritic substitutions (K[IV], Si[IV] Æ Ca[VI], 
Al[IV]) of muscovites, the celadonitic substitution plays a major role during prograde HP-UHP 
metamorphism (e.g., Massonne 1991). Within the muscovite-celadonite solid solution series 
phengites (KAl2-xMgx[Al1-xSi3+xO10](OH)2) comprise the intermediate members (0.2 < x > 0.8). The 
same grain size fractions were used for dating and microprobe analysis. The apparently least altered 
micas were probed from thin sections or from grain mounts. Electron beams were focused at the 
grain center, which we assumed to be least affected by alteration. Most grains were probed in more 
than one spot to check for reproducibility and possible compositional zoning. Each EMP spot 
measurement can be displayed as a normal (or Gaussian) probability distribution function. The sum 
of individual normal probability distributions is presented in cumulative probability diagrams (e.g., 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix   131
Appendix 4. 40Ar/39Ar single grain laser dating 
Our samples were crushed and the >63 µm size mica fraction extracted using standard mineral 
separation techniques. The separates were cleaned by ultrasound and later purified by hand picking. 
The separates were packaged in pure Cu foil, stacked in a pure SiO2 vial together with foil-
packaged neutron fluence monitors, and irradiated in three different irradiations (S38, S40 and S42) 
at the Oregon State University TRIGA reactor. Taylor Creek sanidine (USGS standard 85G003; 
Dalrymple and Duffield, 1990) with an assigned age of 27.92 Ma was used as a neutron fluence 
monitor. 
Single mica grains were heated under UHV conditions using a Spectra-Physics continuous Ar-
ion laser operating in TEM00 mode. The evolved gas was purified during extraction by SAES ST-
172 and ST-101 getters and a stainless steel cold finger and analyzed on a MAP 216 mass 
spectrometer fitted with a Baur-Signer ion source and a Johnston MM1 multiplier with a sensitivity 
of approximately 2 x 10-14 moles/volt. Analyses were corrected for system blanks and instrumental 
mass discrimination using the program EyeSoreCon, written by B.R. Hacker. 
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Sample: D569 mus, detrital  J=0.0003783 
T t 40(mol) 40/39  38/39 37/39 36/39 K/Ca   39Ar 40Ar* Age (Ma) 
8.00 7  9.8e-16 354.2079  5.5e-2 0.2656 0.1242 1.8 0.00957 0.896 204.6 ± 6.2 
10.00 7  6.3e-15 401.2508  0.0e+0 0.0029 0.0206 166 0.06314 0.985 251.3 ± 2.4 
10.00 7  2.3e-15 312.4272  0.0e+0 0.0095 0.0190 52 0.08806 0.982 198.1 ± 6.4 
10.00 7  1.1e-15 535.5667  3.0e-3 0.0219 0.0876 22 0.09526 0.952 318.1 ± 10.9 
10.00 7  3.1e-15 346.8237  9.3e-3 0.0102 0.0279 48 0.12628 0.976 217.4 ± 3.0 
10.00 7  1.1e-14 1054.2568  9.7e-3 0.0127 0.0232 39 0.16354 0.993 602.1 ± 7.2 
9.00 7  3.3e-15 362.8665  0.0e+0 0.0176 0.0101 28 0.19487 0.992 230.3 ± 3.6 
9.00 7  2.2e-15 648.1214  2.6e-2 0.0485 0.0137 10 0.20627 0.994 393.3 ± 8.0 
8.00 7  8.7e-15 339.3974  0.0e+0 0.0090 0.0206 55 0.29433 0.982 214.2 ± 2.6 
7.00 7  5.0e-15 438.6028  2.9e-4 0.0061 0.0244 80 0.33317 0.984 272.7 ± 4.7 
6.00 7  3.0e-15 514.1783  2.6e-2 0.0118 0.0196 41 0.35319 0.989 317.3 ± 5.2 
5.00 7  1.2e-15 306.0164  2.7e-2 0.0459 0.0572 11 0.36696 0.945 187.2 ± 5.0 
4.00 8  4.4e-15 327.8594  4.1e-3 0.0069 0.0172 71 0.41269 0.984 207.8 ± 3.2 
3.00 8  2.2e-15 461.5964  0.0e+0 0.0025 0.0395 199 0.42867 0.975 283.6 ± 7.2 
3.00 8  2.5e-15 609.8995  0.0e+0 0.0111 0.0028 44 0.44291 0.999 374.1 ± 8.0 
2.00 8  2.1e-15 336.2897  0.0e+0 0.0074 0.0223 66 0.46412 0.980 212.0 ± 4.3 
1.00 8  1.5e-14 3302.5872  5.2e-2 0.0256 0.0305 19 0.47955 0.997 1459.7 ± 21.3 
0.00 8  6.6e-15 3384.9548  5.9e-3 0.0119 0.0237 41 0.48619 0.998 1485.1 ± 48.6 
10.00 8  9.4e-15 348.9529  2.2e-4 0.0017 0.0094 287 0.57845 0.992 222.0 ± 3.3 
1.00 8  2.2e-15 375.3844  0.0e+0 0.0077 0.0077 64 0.59894 0.994 238.2 ± 4.2 
2.00 8  7.2e-16 383.3732  6.4e-3 0.0365 0.0243 13 0.60543 0.981 240.0 ± 10.6 
3.00 8  3.2e-15 404.5118  3.7e-3 0.0059 0.0029 83 0.63225 0.998 256.4 ± 3.2 
4.00 8  5.5e-15 397.0111  1.1e-3 0.0017 0.0199 296 0.67988 0.985 248.9 ± 3.2 
5.00 8  1.2e-15 371.3146  3.5e-3 0.0485 0.0208 10 0.69127 0.983 233.4 ± 7.7 
6.00 8  2.3e-15 342.7520  0.0e+0 0.0203 0.0237 24 0.71453 0.980 215.7 ± 5.5 
8.00 8  1.3e-15 332.3226  2.8e-1 0.0532 0.0874 9.2 0.72790 0.922 197.7 ± 7.2 
9.00 8  1.5e-15 312.8379  0.0e+0 0.0710 0.0568 6.9 0.74460 0.946 191.5 ± 5.6 
10.00 8  5.6e-16 331.1844  0.0e+0 0.0410 0.0137 12 0.75037 0.988 210.5 ± 9.7 
11.00 8  8.9e-16 439.2924  0.0e+0 0.0113 0.0113 43 0.75734 0.992 275.4 ± 9.8 
12.00 8  4.7e-15 339.2461  4.8e-4 0.0082 0.0049 60 0.80528 0.996 216.9 ± 2.4 
13.00 8  3.8e-15 319.7123  0.0e+0 0.0077 0.0077 64 0.84643 0.993 204.6 ± 3.6 
14.00 8  2.8e-15 327.6998  0.0e+0 0.0106 0.0186 46 0.87610 0.983 207.5 ± 3.7 
15.00 8  1.8e-15 311.1174  7.0e-3 0.0283 0.0202 17 0.89564 0.981 197.1 ± 5.2 
16.00 8  4.5e-15 365.2230  4.9e-3 0.0130 0.0111 38 0.93821 0.991 231.5 ± 4.3 
17.00 8  1.9e-15 352.5304  2.9e-3 0.0126 0.0252 39 0.95696 0.979 221.3 ± 5.0 
18.00 8  4.4e-15 347.1248  5.3e-3 0.0165 0.0275 30 1.00000 0.977 217.7 ± 4.0 
Total fusion age, TFA= 285.62 ± 1.53 Ma (including J) 
Weighted mean plateau age, WMPA= 235.38 ± 1.08 Ma (including  J) 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 
39Ar is cumulative, 40Ar* = rad fraction.  
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Sample: J46 mus, detrital  J=0.0009390 
T t 40(mol) 40/39  38/39 37/39 36/39 K/Ca  39Ar 40Ar* Age (Ma) 
0.00 8  1.6e-16 159.5602  2.1e-2 0.2617 0.2910 1.9 0.08475 0.461 120.5 ± 24.4 
1.00 8  1.5e-16 171.7113  4.8e-1 0.4559 0.1297 1.1 0.15819 0.777 212.8 ± 26.5 
3.00 8  1.9e-16 116.2514  0.0e+0 0.2151 0.0827 2.3 0.29567 0.790 149.2 ± 13.7 
4.00 8  9.6e-17 114.5848  0.0e+0 0.4274 0.1367 1.1 0.36535 0.647 121.5 ± 27.3 
5.00 8  2.6e-16 269.6294  0.0e+0 0.4237 0.1686 1.2 0.44444 0.815 338.5 ± 26.9 
(6.00 8  9.5e-17 58.4701   0.0e+0 0.0276 0.0282 18 0.57815 0.858 83.0 ± 13.7) 
(8.00 8  5.1e-17 65.6809   2.3e-2 0.1155 0.1180 4.2 0.64218 0.469 51.5 ± 29.5) 
9.00 8  2.0e-16 104.7229  8.4e-3 0.0236 0.0120 21 0.79849 0.966 163.7 ± 12.6 
10.00 8  6.6e-16 406.4166  2.6e-2 0.1107 0.0141 4.4 0.93220 0.990 578.0 ± 17.7 
11.00 8  7.2e-17 137.7271  1.4e-1 0.4316 0.1320 1.1 0.97552 0.717 159.9 ± 44.2 
12.00 8  7.6e-17 256.7922  4.9e-2 0.1516 0.0772 3.2 1.00000 0.911 358.3 ± 83.7 
Total fusion age, TFA= 222.04 ± 6.85 Ma (including J) 
Weighted mean plateau age, WMPA= 197.25 ± 6.11 Ma (including  J) 
t = dwell time in minutes. 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 




Sample: J64 mus, detrital   J=0.0007113 
Laser Power  t 40(mol) 40/39  38/39 37/39 36/39 K/Ca ∑ 39Ar 40Ar* Age (Ma) 
0.10  8  2.0e-15 195.9883  3.3e-1 0.5851 0.0283 0.84  1.00000 0.957 226.0 ± 47.1 
0.20  8  9.7e-15 301.2037  2.8e-1 0.3554 0.0067 1.4 1.00000 0.993 348.1 ± 18.0 
0.40  8  8.4e-15 265.9688  4.4e-2 0.0921 0.0913 5.3 1.00000 0.899 283.2 ± 15.2 
0.50  8  1.6e-14 237.2064  1.8e-1 0.6885 0.3344 0.71  1.00000 0.583 169.4 ± 9.3 
0.70  8  4.9e-15 176.4373  1.1e-2 0.0523 0.0238 9.4 1.00000 0.960 205.2 ± 1.7 
0.80  8  1.2e-14 324.2310  1.2e-2 0.0332 0.0481 15 1.00000 0.956 359.5 ± 2.3 
0.90  8  1.4e-14 321.3860  1.5e-2 0.0355 0.0433 14 1.00000 0.960 358.0 ± 2.0 
1.00  8  4.2e-14 322.4334  7.3e-5 0.0031 0.0114 156 1.00000 0.990 369.0 ± 1.1 
2.00  8  7.0e-14 311.9723  0.0e+0 0.0037 0.0065 134 1.00000 0.994 359.5 ± 1.0 
3.00  8  9.1e-15 305.3001  1.0e-2 0.4268 0.1032 1.1 1.00000 0.900 322.1 ± 1.2 
4.01  8  1.4e-14 387.0038  2.7e-3 0.0095 0.0226 52 1.00000 0.983 431.9 ± 1.4 
4.00  8  1.4e-14 420.6672  4.3e-3 0.0050 0.0179 98 1.00000 0.987 467.0 ± 1.5 
5.00  8  7.9e-15 314.3326  2.6e-3 0.0071 0.0123 69 1.00000 0.988 360.2 ± 1.5 
6.01  8  1.4e-14 382.3299  8.8e-1 1.3122 0.4031 0.37  1.00000 0.688 309.5 ± 20.1 
6.00  8  7.4e-16 258.9985  0.0e+0 0.0343 0.0814 14 1.00000 0.907 278.8 ± 6.1 
7.10  8  6.9e-15 211.1034  2.2e-1 0.4187 0.1825 1.2 1.00000 0.745 191.2 ± 13.4 
8.00  8  3.1e-14 307.8435  1.2e-1 0.0361 0.0167 14 1.00000 0.984 352.0 ± 6.8 
9.10  8  2.4e-14 316.1930  1.8e-3 0.0063 0.0149 77 1.00000 0.986 361.4 ± 1.3 
9.20  8  2.7e-15 181.1122  2.5e-2 0.0569 0.0456 8.6 1.00000 0.926 203.2 ± 3.6 
9.30  8  5.8e-15 312.6194  1.8e-3 0.0457 0.0261 11 1.00000 0.975 354.1 ± 3.3 
9.40  8  1.1e-14 322.2625  1.4e-3 0.0161 0.0167 30 1.00000 0.985 367.2 ± 2.0 
9.50  8  3.3e-15 182.5377  9.6e-4 0.0346 0.0187 14 1.00000 0.970 213.9 ± 2.9 
9.60  8  9.7e-15 331.5262  4.3e-3 0.0286 0.0226 17 1.00000 0.980 375.0 ± 2.3 
9.70  8  1.3e-14 597.2339  8.3e-3 0.0481 0.0194 10 1.00000 0.990 633.5 ± 3.8 
9.80  8  1.5e-15 181.1785  1.1e-2 0.0695 0.0684 7.0 1.00000 0.888 195.6 ± 6.1 
9.90  8  5.5e-15 295.2866  1.2e-2 0.0352 0.0412 14 1.00000 0.959 331.0 ± 3.1 
9.91  8  4.8e-16 271.8630  1.3e-1 0.6042 0.2365 0.81  1.00000 0.743 242.1 ± 30.2 
9.92  8  4.4e-15 305.4971  1.5e-2 0.0580 0.0486 8.4 1.00000 0.953 339.5 ± 3.9 
9.93  8  3.0e-15 328.2565  1.3e-2 0.0766 0.0382 6.4 1.00000 0.966 366.8 ± 6.1 
9.00  8  1.4e-14 316.1664  9.3e-2 0.0938 0.0119 5.2 1.00000 0.989 362.3 ± 9.9 
t = dwell time in minutes. 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 
40Ar* = rad fraction.  
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Sample: J65 mus, detrital   J=0.0009363, S42-D3 
T t 40(mol) 40/39  38/39 37/39 36/39 K/Ca  39Ar 40Ar* Age (Ma) 
12.00 8  1.7e-16 115.965   2.0e-2 0.0625 0.1590 7.8 0.10362 0.595 112.9 ± 16.2 
13.00 8  1.6e-16 87.2458   0.0e+0 0.0249 0.0760 20 0.23355 0.743 106.2 ± 13.1 
14.00 8  3.3e-16 85.1368   8.5e-4 0.0230 0.0175 21 0.51480 0.939 130.2 ± 6.0 
15.00 8  2.5e-16 88.5508   1.6e-2 0.0646 0.0164 7.6 0.71546 0.945 136.1 ± 8.4 
16.00 8  7.9e-17 120.333   3.7e-2 0.3429 0.1044 1.4 0.76316 0.744 145.1 ± 34.4 
17.00 8  2.8e-16 83.6934   0.0e+0 0.0274 0.0069 18 1.00000 0.975 132.9 ± 7.1 
Total fusion age, TFA= 127.87 ± 4.18 Ma (including J) 
Weighted mean plateau age, WMPA= 129.48 ± 3.79 Ma (including  J) 
Inverse isochron age =132.37 ± 4.01 Ma. (MSWD =1.15; 40Ar/36Ar=228.7 ± 56.2) 
Steps used: 12.00, 13.00, 14.00, 15.00, 16.00, 17.00,   (1-6/6 or 100% · 39Ar 
t = dwell time in minutes. 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 




Sample: J83 mus, detrital    J=0.0009406, S42-D1 
T t 40(mol) 40/39  38/39 37/39 36/39 K/Ca ∑ 39Ar 40Ar* Age (Ma) 
2.00 8  1.2e-15 132.8800  2.3e-3 0.0116 0.0224 42 0.01894 0.950 202.4 ± 3.7 
2.00 8  1.6e-15 127.5901  3.1e-3 0.0110 0.0071 44 0.04543 0.983 201.3 ± 3.4 
3.00 8  2.7e-15 127.4801  1.5e-4 0.0050 0.0075 99 0.08964 0.983 200.9 ± 2.9 
4.00 8  3.3e-16 126.5077  0.0e+0 0.0269 0.0261 18 0.09507 0.939 191.1 ± 9.4 
5.00 8  4.5e-15 150.9488  0.0e+0 0.0048 0.0492 103 0.15651 0.904 217.8 ± 3.2 
6.00 9  7.1e-15 144.7336  4.0e-4 0.0066 0.0292 75 0.25692 0.940 217.3 ± 3.1 
7.00 9  5.0e-15 135.0646  0.0e+0 0.0058 0.0069 84 0.33258 0.985 212.7 ± 3.2 
8.00 9  1.9e-15 136.6592  6.6e-3 0.0101 0.0146 49 0.36172 0.968 211.7 ± 3.7 
9.00 9  3.3e-15 138.5858  6.2e-3 0.0121 0.0098 40 0.41013 0.979 216.7 ± 3.2 
10.00 9  2.5e-15 138.3012  4.4e-3 0.0159 0.0140 31 0.44711 0.970 214.4 ± 2.7 
11.00 9  9.1e-16 142.7973  1.9e-3 0.0114 0.0144 43 0.46019 0.970 221.0 ± 4.2 
12.00 9  2.0e-15 144.9714  0.0e+0 0.0103 0.0311 47 0.48905 0.937 216.8 ± 2.8 
14.00 9  3.2e-15 145.6500  0.0e+0 0.0016 0.0021 298 0.53434 0.996 230.7 ± 2.6 
1.00 9  3.8e-15 150.2840  0.0e+0 0.0018 0.0037 278 0.58582 0.993 236.9 ± 2.8 
1.00 9  7.5e-16 149.5550  1.8e-2 0.0530 0.0275 9.2 0.59612 0.946 225.3 ± 6.0 
2.00 9  4.7e-16 130.6877  3.2e-2 0.0494 0.0321 9.9 0.60349 0.927 194.8 ± 9.1 
3.00 8  3.3e-15 146.6266  0.0e+0 0.0019 0.0091 252 0.65020 0.982 229.1 ± 3.5 
4.00 8  3.8e-15 154.3310  0.0e+0 0.0036 0.0075 135 0.70050 0.986 241.2 ± 3.6 
5.00 8  1.5e-15 127.8413  2.0e-2 0.0116 0.0120 42 0.72407 0.972 199.5 ± 4.0 
6.00 8  1.8e-15 137.6690  2.1e-3 0.0103 0.0125 48 0.75057 0.973 214.1 ± 4.2 
7.00 12  3.5e-15 141.9814  0.0e+0 0.0054 0.0056 91 0.80120 0.988 223.7 ± 2.1 
20.00 8  1.1e-15 139.5047  1.3e-3 0.0222 0.0112 22 0.81801 0.976 217.4 ± 3.8 
21.00 8  3.8e-15 253.6792  1.9e-3 0.0061 0.0169 81 0.84871 0.980 379.2 ± 5.0 
21.00 8  3.4e-15 254.9553  3.2e-3 0.0202 0.0205 24 0.87639 0.976 379.5 ± 4.9 
22.00 8  1.1e-15 127.1732  0.0e+0 0.0051 0.0026 96 0.89472 0.994 202.7 ± 3.8 
24.00 8  2.8e-15 138.2694  1.6e-3 0.0044 0.0034 111 0.93690 0.993 219.1 ± 3.2 
25.00 8  1.9e-15 134.0111  0.0e+0 0.0099 0.0050 50 0.96533 0.989 211.9 ± 3.4 
26.00 8  1.2e-15 133.6573  3.9e-3 0.0104 0.0052 47 0.98337 0.988 211.3 ± 4.4 
27.00 8  1.1e-15 136.8724  0.0e+0 0.0056 0.1108 87 1.00000 0.761 168.6 ± 4.3 
Total fusion age, TFA= 226.90 ± 1.59 Ma (including J) 
Weighted mean plateau age, WMPA= 222.50 ± 1.53 Ma (including  J) 
t = dwell time in minutes. 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 
∑39Ar is cumulative, 40Ar* = rad fraction.  
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Sample: Y126 kfs, detrital  J=0.0007000, S42-F1 
T t 40(mol) 40/39  38/39 37/39 36/39 K/Ca ∑ 39Ar 40Ar* Age (Ma) 
28.00 8  2.3e-16 114.7769  0.0e+0 0.0449 0.0900 11 0.17554 0.768 108.1 ± 9.2 
29.00 8  3.4e-16 170.7996  1.4e-2 0.2571 0.1054 1.9 0.34517 0.818 168.3 ± 10.5 
30.00 8  7.6e-16 140.8282  0.0e+0 1.0330 0.1864 0.47 0.82446 0.609 105.2 ± 4.9 
32.00 8  2.3e-16 113.5244  0.0e+0 0.2032 0.1243 2.4 1.00000 0.677 94.5 ± 9.3 
Total fusion age, TFA= 114.67 ± 3.76 Ma (including J) 
Weighted mean plateau age, WMPA= 111.70 ± 3.69 Ma (including  J) 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 




Sample: Y129 mus, detrital  J=0.0003804 
T t 40(mol) 40/39   38/39 37/39 36/39 K/Ca ∑ 39Ar 40Ar* Age (Ma) 
10.00 5  5.2e-15 372.3287  4.6e-4 0.0065 0.0392 75 0.06653 0.969 232.0 ± 2.0 
10.00 5  2.3e-15 334.7648  0.0e+0 0.0100 0.0066 49 0.09919 0.994 215.0 ± 2.5 
10.00 5  1.0e-15 338.7032  0.0e+0 0.0077 0.0077 64 0.11334 0.993 217.3 ± 4.3 
10.00 5  5.0e-15 365.9459  0.0e+0 -0.0034 0.0152 <0.001 0.17769 0.988 232.4 ± 1.9 
10.00 5  3.3e-15 355.7836  0.0e+0 0.0049 0.0196 100 0.22201 0.984 225.5 ± 2.1 
10.00 5  3.6e-15 329.1056  0.0e+0 0.0084 0.0230 58 0.27384 0.979 208.6 ± 2.1 
10.00 5  9.1e-15 431.6361  1.1e-2 0.0142 0.0360 35 0.37335 0.975 268.0 ± 1.7 
10.00 5  4.1e-15 387.5188  6.1e-3 0.0064 0.0107 76 0.42387 0.992 246.2 ± 2.8 
10.00 5  3.2e-15 378.1411  4.6e-3 0.0081 0.0188 61 0.46427 0.985 239.1 ± 2.3 
10.00 5  4.5e-15 339.9576  7.0e-3 0.0122 0.0208 40 0.52677 0.982 215.6 ± 1.8 
19.00 8  4.4e-15 373.8913  5.5e-3 0.0176 0.0136 28 0.58245 0.989 237.5 ± 3.1 
20.00 8  9.0e-16 349.5341  1.7e-2 0.0044 0.0266 110 0.59465 0.977 220.4 ± 6.6 
21.00 8  1.2e-15 337.1904  1.5e-2 0.0125 0.0124 39 0.61209 0.989 215.5 ± 4.6 
22.00 8  3.0e-15 348.3562  5.7e-3 0.0053 0.0105 93 0.65338 0.991 222.6 ± 3.3 
23.00 7  4.0e-15 350.2960  5.2e-3 0.0122 0.0203 40 0.70678 0.983 222.0 ± 3.1 
24.00 8  9.6e-16 289.6521  9.3e-3 0.0279 0.0279 18 0.72236 0.972 183.5 ± 6.5 
25.00 7  1.2e-15 301.0550  3.7e-2 0.0395 0.0618 12 0.74164 0.939 184.3 ± 6.1 
26.00 7  2.2e-15 343.4494  9.8e-3 0.0036 0.0285 137 0.77205 0.975 216.4 ± 4.3 
27.00 7  4.3e-15 332.7096  8.6e-3 0.0141 0.0423 35 0.83361 0.962 207.3 ± 3.2 
28.00 8  1.4e-15 291.7227  1.4e-2 0.0234 0.0280 21 0.85682 0.972 184.7 ± 5.4 
29.00 8  6.1e-15 330.1823  0.0e+0 0.0013 0.1365 391 0.94356 0.878 188.7 ± 5.8 
30.00 8  1.6e-15 326.6307  2.2e-2 0.0410 0.0546 12 0.96742 0.951 201.4 ± 7.1 
31.00 8  1.6e-15 238.4820  3.6e-2 0.0534 0.0399 9.2 1.00000 0.951 149.2 ± 5.1 
Total fusion age, TFA= 220.51 ± 1.12 Ma (including J) 
Weighted mean plateau age, WMPA= 229.00 ± 1.00 Ma (including  J) 
t = dwell time in minutes. 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 
∑39Ar is cumulative, 40Ar* = rad fraction. 
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Sample: Y136 mus, detrital  J=0.0003821 
T t 40(mol) 40/39  38/39 37/39 36/39 K/Ca ∑ 39Ar 40Ar* Age (Ma)± 
10.00 5  7.8e-16 327.2108  2.4e-2 0.0194 0.0096 25 0.025 0.991 210.8 ± 5.3 
10.00 5  1.1e-15 322.1499  2.0e-2 0.0067 0.0033 73 0.062 0.997 208.8 ± 3.7 
10.00 5  7.9e-16 325.1810  0.0e+0 0.0282 0.0047 17 0.088 0.996 210.4 ± 6.6 
10.00 5  8.3e-16 320.7246  0.0e+0 0.0178 0.0267 28 0.116 0.975 203.7 ± 4.9 
10.00 5  9.5e-16 325.3156  0.0e+0 0.0236 0.0079 21 0.147 0.993 209.9 ± 4.3 
10.00 5  1.5e-15 315.7516  0.0e+0 0.0200 0.0299 25 0.197 0.972 200.0 ± 3.5 
10.00 5  9.1e-16 361.2777  0.0e+0 0.0046 0.0046 107 0.224 0.996 232.5 ± 6.9 
10.00 5  9.4e-16 321.4890  0.0e+0 0.2431 0.1411 2.0 0.255 0.870 183.2 ± 5.6 
10.00 5  1.5e-15 327.5651  1.6e-3 -0.0050 0.0000 <0.001 0.304 1.000 213.6 ± 4.6 
10.00 5  1.7e-15 378.1389  0.0e+0 0.0025 0.0100 196 0.354 0.992 241.7 ± 5.1 
10.00 5  2.0e-15 439.1201  5.2e-3 0.0051 0.1163 97 0.402 0.922 259.4 ± 5.8 
9.00 5  1.2e-15 278.8825  2.2e-4 0.0052 0.0104 94 0.450 0.989 180.8 ± 4.2 
9.00 5  2.1e-15 420.4938  0.0e+0 0.0090 0.0451 54 0.504 0.968 260.9 ± 5.0 
9.00 5  3.3e-15 302.7373  3.1e-3 0.0106 0.0255 46 0.620 0.975 192.8 ± 3.3 
9.00 5  2.3e-15 341.4827  0.0e+0 0.0017 0.0067 291 0.693 0.994 220.0 ± 3.2 
9.00 5  3.5e-15 526.8361  0.0e+0 0.0017 0.0017 280 0.764 0.999 330.6 ± 4.6 
9.00 5  1.8e-15 386.8769  0.0e+0 0.0025 0.0025 199 0.814 0.998 248.3 ± 4.0 
9.00 5  1.0e-15 337.8506  0.0e+0 0.0037 0.0037 131 0.846 0.997 218.4 ± 5.5 
9.00 5  1.5e-15 376.8683  3.7e-3 0.0118 0.0029 42 0.888 0.998 242.2 ± 5.9 
9.00 5  9.3e-16 317.8239  5.7e-3 0.0078 0.0235 62 0.920 0.978 202.5 ± 5.5 
8.00 5  1.2e-15 337.8889  0.0e+0 0.0032 0.0032 154 0.958 0.997 218.5 ± 4.7 
8.00 5  8.6e-16 347.8538  2.2e-2 0.0047 0.0092 105 0.985 0.992 223.5 ± 6.9 
8.00 5  5.5e-16 387.4380  0.0e+0 0.0082 0.0163 60 1.000 0.988 246.2 ± 12.9 
Total fusion age, TFA= 226.75 ± 1.32 Ma (including J) 
Weighted mean plateau age, WMPA= 220.95 ± 1.26 Ma (including  J) 
40(mol) = moles corrected for blank and reactor-produced 40. 
Ratios are corrected for blanks, decay, and interference. 
∑39Ar is cumulative, 40Ar* = rad fraction.  
NOTE: So much time elapsed between irradiation and analysis, that the correction for 37 decay was ignored. 
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Appendix 5. 207Pb/206Pb single zircon dating 
The 207Pb/206Pb evaporation method is based on the studies of Kober (1986; 1987). Pb 
evaporation and analysis of single zircons was done out at Freiberg using a FINIGAN MAT 262 
mass spectrometer. Individual zircons were enclosed into a rhenium evaporation filament and 
initially heated to 1450°C to release lead from metamict zones and other impurities. After this 
“cleaning” process, the zircon was heated in one step to 1600° C. The lead (and other) isotopes 
were evaporated and collected on a second rhenium ionisation filament. From the ionisation 
filament the lead was ionized at ~1200° C (1180-1260° C). Data acquisition by magnetic peak 
switching of the mass sequence 206Pb (4 s), 207Pb (4 s), 204Pb (8 s) used 4s intermass delay time; and 
ion counting. Baseline counts were determined on mass 204.5 every 5 blocks. Data acquisition 
comprises up to 10 blocks of 10 mass scans, depending mostly on the stability of the ion beam. The 
207Pb/206Pb ages were calculated from the measured 207Pb/206Pb and 204Pb/206Pb ratios with the 
following corrections: (1) common lead correction after Stacey and Kramers (1975), (2) a specific 
mass-spectrometer calibration factor (mass bias) calculated from measurements with two zircon 
standards. This mass bias (0.36 ± 0.22 % amu) included the thermal fractionation of Pb and the 
mass bias of the ion counter. A standard (NBS 981), that contains all stable lead isotopes, was used 
for mass spectrometer calibration. St andard zircons were routinely measured in order to check for 
the reproducibility of the zircon ages.The evaporation method requires a minimum of accumulated 
lead for a detectable and constant ion beam. The content of radiogenic lead in zircon crystals 
depends on the primary uranium content, age (i.e., time for lead accumulation), and the geologic 
history (possible lead loss events). Zircon grains >100 µm were selected preferentially. Thus, 
possible age groups restricted to grains <100 µm have escaped observation. To get sufficiently high 
lead beam intensities, entire zircon grains were evaporated. If a zircon had an older core and a 
younger rim and was evaporated in one step, the evaporation method would have resulted in a 
mixed age. This mixed age gives a minimum age for the core and a maximum age for the rim. The 
evaporation method often produces ages which are in agreement with independently determined 
ages - even from highly discordant zircons (e.g. Kröner and Willner, 1998; Karabinos, 1997). 
Söderlund (1996) showed that the evaporation method produced more precise zircon ages than 
conventional U-Pb dating. However, as no information about the degree of discordance is available, 
uncertainties about the 207Pb/206Pb ages remain. Cogenetic discordant zircons may appear as a suite 
of different 207Pb/206Pb ages, which are all younger than their crystallization age (e.g. Stewart et al., 
2001; Kröner and Willner, 1998). However, if several zircons have statistically indistinguishable 
ages they are commonly regarded as true crystallization ages; it is unlikely that different grains have 
lost exactly the same amount of lead. 
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Appendix 6. Diffusion-domain potassium-feldspar thermochronology 
We ran modified 1997 versions of Lovera's (1992) modeling routines. A minimum of four age 
steps from a spectrum were fit with a line to define activation energy E and frequency factor D0 
(Lovera et al., 1989); more steps were added if the fit improved. The number of domains was 
limited to a minimum of three and a maximum of eight. The diffusion-domain theory predicts 
constant or monotonically increasing age spectra, and spectra that do not fit this ideal must be 
adjusted. Step ages were assigned 2σ analytical uncertainties, except for step ages younger than 
previous steps, for which the uncertainties were expanded until adjacent steps were concordant. In 
addition, multiple isothermal, low-temperature steps designed to identify Cl-correlated excess 40Ar 
(Harrison et al., 1994) were all assigned the age of the youngest step in the group. Steps above 
melting (>1100°C) that yielded spurious ages were either ignored or made the same as the final 
1100°C step, and steps with low radiogenic yields (<95%) and anomalously old ages were adjusted 
to provide a smoothly increasing trend. Whereas steps collected at temperatures >1100°C are not 
modelled by the program, adjusting anomalously old step ages with low radiogenic yields has no 
phenomenological justification. Fifty monotonic and non-monotonic cooling histories were 
generated using age spectrum modelling routines; we only show cooling histories that provide a 
good fit to the data. Cooling histories were calculated from initial ages 50-100 Ma older than the 
oldest step. 
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